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TESTS OF BOND BETWEEN CONCRETE AND STEEL 

I. Introduction. 

1. Preliminary. — The usefulness of reinforced concrete as a struc- 
tural material depends on the strength and permanency of the bond 
between the concrete and the reinforcing metal, and for this reason bond 
resistance has received much attention from engineers and experimenters. 
It is said that Thaddeus Hyatt made tests to determine the bond be- 
tween concrete and iron bars as early as IST'e. During the past decade 
numerous bond tests have been reported. These tests have been charac- 
terized by a lack of uniformity in the form of the test specimen and in 
the methods of conducting the tests, as well as by the wide variations 
in the values reported for bond resistance. In nearly all the tests thus 
far published values of maximum bond resistance only have been 
given. These test results and the discussions called forth by them have 
furnished the basis for a great variety of opinions as to the value of 
bond resistance. Many explanations of the source and nature of bond 
resistance have been given. Various methods have been advocated for 
increasing bond resistance and numerous devices have been employed 
for this purpose. 

Present American practice is fairly standardized as to the bond 
stresses to be used in designing, but a rational basis for the stresses 
used is lacking and there is a great diversity of practice in the methods 
of calculating these stresses. There are many phases of bond action 
which are not now understood. It is evident that the distribution of 
bond stress in reinforced concrete members under load and the nature 
and value of bond resistance under given conditions may well be the 
subject of experimental investigation. 

2. Scope of Bulletin. — The tests reported in this bulletin were un- 
dertaken with a view to securing additional information on the nature 
of the bond resistance of reinforcing bars in concrete, to determining val- 
ues of bond resistance for a wide range of conditions, and to studying bond 
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action in specimens of different forms. Tests were made on pull-out 
specimens and on reinforced concrete beams. In both forms of speci- 
men attention was given to obtaining accurate measurement of the slip 
of bar through the concrete as the loading progressed. In many of the 
beam tests the slip of bar at various points along its length was meas- 
ured for different loads. In the discussion of bond resistance the load- 
slip-of-bar relation has been utilized to a considerable extent. These 
measurements are useful in indicating the distribution of bond stress. 
They are particularly significant in the beam tests. In a few of the 
beam tests the distribution of bond stress was studied by measuring 
the changes in the stress in the longitudinal reinforcement throughout 
the length. The values found for bond resistance and the relative bond 
resistance found in beam tests and pull-out specimens are also interest- 
ing features of the investigation. 

The pull-out tests consisted in applying load to a short reinforcing 
bar embedded in a block of concrete. The concrete block was generally 
8 in. in diameter and 8 in. long, with the bar embedded axially. In 
certain groups of tests these dimensions were varied. The size of bar 
used varied between % in. and l^^: in. The pull-out tests covered 
a wide range and included effect of dimensions of specimen, effect of 
form of bar, effect of conditions of storage, effect of age and mix, using 
both plain and deformed bars, effect of different methods of loading, 
bond resistance of concrete setting under pressure, effect of reapplied 
loads, comparison with the bond resistance of reinforced concrete beams, 
etc. The deformed bars used included most of the forms in use at the 
time the work was begun, but it should be noted that the tests with de- 
formed bars were intended to bring out the action of the deformed bar 
as contrasted with the plain bar and not to determine the value of 
particular forms of bars. 

A special effort was made to determine the behavior of beams sub- 
jected to high bond stresses. The beams tested were 8 by 13 in. in 
section with an effective depth of 10 in. The span length was gener- 
ally 6 ft. ; a few beams were tested with span lengths of 5 to 10 ft. 
All beams were tested with two symmetrical loads, generally at the one- 
third points of the span. With the exception of six tests, the longi- 
tudinal reinforcement consisted of a single bar of large diameter placed 
horizontally throughout the length of the beam. Both plain and de- 
formed bars were used. 
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3. AcTcnowledgment. — The tests reported herein were made in the 
Laboratory of Applied Mechanics of the University of Illinois and 
formed a part of the investigations of reinforced concrete and other struc- 
tural materials which are being conducted by the Illinois Engineering 
Experiment Station. These tests cover the experiments which were 
designed with special reference to a study of bond between concrete and 
steel during the period 1909-1912. The work was done under the direc- 
tion of A. ]Sr. Talbot, Professor in Charge of the Department of Theo- 
retical and Applied Mechanics. The writer is indebted to Professor 
Talbot for many helpful suggestions in planning the tests and in inter- 
preting the data. 

In the 1913 beam scries the work of testing was done under the 
writer's supervision by Messrs. W. W. Manspeaker and A. W. Wand, 
senior civil engineering students of the class of 1912. These tests fur- 
nished the subject-matter of their baccalaureate thesis, where a very 
creditable report on the tests was presented. These men exercised great 
care in carrying out the routine of the work and they are to be com- 
mended for the way in which they met the demands of an unusually 
arduous program of tests. The other tests were made by the writer 
vidth the assistance of various members of the Laboratory staff. 

II. Materials, Test Pieces and Methods of Testing. 

4. Concrete Materials. — The materials were the same as used for 
other concrete and reinforced concrete specimens made and tested by 
the Engineering Experiment Station during the period 1909 to 1912. 
The quality of the materials may be considered as representative of 
that used in first-class concrete work in the central states. 

Cement. Most of the test specimens were made with Universal 
Portland cement, which was furnished by the manufacturers. Chicago 
AA Portland cement was used in the 1909 series of beam tests and in 
Batch ISTo. 4 of the 1909 pull-out tests. Lehigh cement was used in 
part of the 1911 beam series. The Chicago AA and Lehigh cements 
were purchased from a local dealer. The results of briquette tests of 
these cements are given in Table 1. Samples were taken at intervals 
throughout the season. Each value given is the average of five briquette 
tests. Vicat needle tests on the three samples of the 1909 lot of Uni- 
versal cement showed initial set to occur at 1 hr. 45 m., and final set 
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at 3 hr. 45 m. after mixing. Sieve analysis showed 96.5% passing 
a No. 100 sieve and 81.9% passing a No. 300 sieve. The 1912 lot of 
Universal cement (7 samples) gave the following average values: initial 
set, 3 hr. 5 m., final set, 6 hr. 32 m.; 97.2% passing a No. 100 sieve 
and 81.8% passing a No. 200 sieve. All cement tests recorded in this 
bulletin were made by Mr. B. L. Bowling, Assistant in Charge of Cement 
Laboratory, University of Illinois. 

TABLE 1. 

Briquette Tests of Cements. 

Each value is the average of five tests. 

Unless otherwise noted, standard Ottawa sand was used in the 1-3 briquettes. 

The results are expressed in pounds per square inch. 





Neat 


m 


Neat 


1-3 


Sample 
No. 


7 days 


28 days 


7 days 


28 days 


7 days 


28 dayi 


7 days 


28 days 







Universal Cement 


(1909) 


Chicago AA Cement 




1 
2 

3 


607 
595 

817 


732 

772 

853 


H7 
179 

160 


281 
280 

278 


742 
716 

725 


783 

807 

768 


205 
232 
288* 
176 


270 
306 
331* 
254 


Average 


606 


786 


179 


280 


728 


786 


204 


277 







Universal Cement 


(1911) 


Lehigh Cement. 




1 


689 


674 


198 

265' 


278 
323* 


719 


805 


248 


329 


2 


684 


709 


227 


283 










3 


693 


731 


240 


319 










4 


662 


696 


214 


28i 










Average 


647 


702 


220 


290 















Universal Cement 


(1915 


!) 






1 


585 


685 


239 


315 








2 


577 


694 


225 


297 








3 


691 


715 


242 


306 








4 


617 


792 


231 


326 








5 


588 


672 


246 


333 








6 


612 


758 


253 


333 








7 


698 


884 


28> 


372 








Average 


624 


743 


246 


325 



* Made with sand used in making concrete; not included in average. 
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Sand. The sand came from a deposit of glacial drift near the 
Wabash River at Attica, Indiana. Nearly all the clay or loam had been 
removed by washing. Fineness tests of samples from the three lots of 
sand are given in Table 2. A single set of briquette tests made from a 
sample of the 1909 lot of this sand, using Chicago AA cement, gave 
values about 10% higher than briquettes made from the same sample 
of cement using standard Ottawa sand. A set of briquettes made from 
the 1911 sand using Universal cement gave^values about 25% higher 
than the standard sand. The values from these tests are included in 
Table 1. The sand was well graded, but it will be noted that the 1912 
sand was somewhat coarser than the other lots. 

Stone. The crushed limestone came from Kankakee, Illinois. It 
had been screened through a 1-in. screen and over a %-in. screen. 
Mechanical analyses of a number of samples of this stone are given in 
Table 3. It contained about 48% voids. 

6. Concrete. — The concrete was proportioned by loose volume. 
The material was weighed also in order to obtain an independent check 
on the proportions of each batch. The ratios of the weights of the 
materials used in most of the specimens are given in Tables 4, 25, 27 
and 31. In making the 1909 specimens the cement was measured in 
buckets, as was done for the other materials. This resulted in con- 
siderable variation in the batches. The practice of considering 95 lb. 
of cement equal to 1 cu. ft. was adopted for the 1911 and 1912 tests. 
This is in reality a weight proportioning for the cement and is more 
rational than the older method. 

The work of mixing and placing the concrete was done by men 
of considerable experience in concrete work. The foreman has been 
employed in the laboratory since 1905, but has spent five or six months 
each year on contract work in concrete. All of the concrete except that 
used in the last two-thirds of the 1912 beam series was mixed by hand. 
The hand-mixing was done directly on the floor of the concrete labora- 
tory. The cement and sand were first mixed dry ; the stone, which had 
previously been thoroughly moistened, was added and the batch then 
turned until it presented a uniform appearance. The first operation 
usually required five or six turnings, and the last two or three. Water 
was added and the material then turned until thoroughly mixed. 

In December, 1911, a 9-cu. ft., motor-driven, batch-mixer, made 
by the Marsh-Capron Mfg. Co., Chicago, Illinois, was installed. The 
second and third beams in each set of three in the 1912 series and the 
corresponding auxiliary specimens, as well as some later miscellaneous 
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pull-out specimens, were made of machine-mixed concrete. With tne 
machine running continuously, the stone and sand were placed in ihe 
mixer and about one-half the required amount of water admitted. The 
cement was then added and the remainder of the water admitted at 
the same time. The amount of water used in each batch was measured 
and recorded. The drum of the mixer operated at about 33 revolu- 
tions per minute. Each batch was mixed for about 5 minutes after 
adding the cement. When the mixing was complete, the batch was dis- 

TABLE 2. 

Mechanical Analysis of Sand. 





Separation 
Size 
inches 


Pe 


T cent Passing Each Sieve 




1909 


1911 


1912 


3 


0.28 


99.7 


99.8 


100.0 


S 


.174 


9S.B 


9« 7 


88.0 


10 


.091 


77.6 


74.4 


64.3 


12 


.067 


70.3 


67.6 


47.8 


16 




62.8 


61.0 


41.7 


18 


.043 


61.1 


50.2 


32.9 


30 


.027 


28.2 


30.3 


21.2 


40 


.019 


16.9 


17.0 


13.3 


50 


.013 


6.8 


7.0 


5.1 


74 


.009 


3.1 


3.3 


2.7 


150 




0.8 


0.8 


1.0 



TABLE 3. 

Mechanical Analysis of Stone. 



Size of 
Square 
Opening 


Separation 
Size 
inches 


Per cent Passing Each Sieve 


1909 
22 Samples 


1911 
8 Samples 


1912 
6 Samples 


lin. 
Hio. 
Kin. 
'Am. 
No. 3 
No. 5 
No. 10 


0.280 
.174 
.091 


100 
87 
46 
29 
14 
2 
1 


100 
95 
57 
32 
18 
3 
2 


100 
96 
67 
46 
26 
8 
3 
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charged onto the concrete floor, and was later removed to the forms 
directly with shovels or by means of a wheelbarrow. The concrete waf 
mixed rather wet so that very little ramming was necessary after placiir 
it in the forms. 

6. Reinforcing Steel. — The plain round bars of %-in. diameter 
and larger sizes used in tlie 1909 and 1911 tests were of high-carbon 
steel. The smaller sizes of plain round bars used in a few of the pull- 
out specimens and all the plain bars used in the 1912 series were of 
mild steel. The corrugated bars and most of the other types of de- 
formed bars used were of high-carbon steel. The Thacher bars were 
of mild steel. See Table 13 and Fig. 21 for details of deformed bars. 
Additional notes concerning the character and preparation of the steel 
are given with the discussion of the various groups of tests. 

Tensile tests on the steel are not given in this bulletin. In only a 
few of the tests was the steel stressed to the yield point, and these are 
noted in the tables. 

7. Pull-out Specimens. — The specimens for pull-out tests consisted 
of a cylindrical block of concrete with a steel bar embedded axially. 
The blocks were generally 8 in. in diameter with embedment of 8 in. 
In some of the tests both the diameter of the block and length of em- 
bedment varied from these figures. The pull-out specimens were usually 
cast in a vertical position with the bar projecting about 16 in. below 
and 14 in- above the finished block. The forms, consisting of gal- 
vanized sheet-steel, were set up on a platform made of two 8-in. or 12-in. 
I-beams placed with their fianges about 2 in. apart. A planed cast-iron 
base plate made the bottom of the form for the concrete cylinder. A 
central hole in the base plate allowed the rod to pass through. These 
plates were removed when the specimens were taken from the forms. 
The specimens were tested in the same position, the load being applied 
to the longer end of the bar. The usual form of pull-out specimen is 
shown in Pig. 1 (a). Other pull-out specimens of unusual form are 
shown in Figs. 36, 41 and 43. 

Nearly all of the pull-out specimens with deformed bars in the 1909 
series and certain other groups of specimens were reinforced against 
bursting by means of six or seven turns of i/4-iii. wire in the form of 
a spiral. This spiral was set inside the form before placing the con- 
crete and was near the outer surface of the concrete block; see Fig. 1 
(b) . In general, the spiral reinforcement was not used in the pull-out 
specimens made with the reinforced concrete beams. 
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Generally, the test pieces were made in sets of five; but for a few 
of the tests the specimens were made in sets of two to ten. The pull- 
out specimens made as companion pieces to the 1911 and 1913 series 
of beams were made in sets of three. When practicable, the individual 
specimens of a set in the 1909 pull-out series were made from different 
batches, thus minimizing accidental effects in a given set. Frequent 
duplicate sets were made in order that comparison might be made 
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Fig. 1. Types of Pull-out Specimens Used in the Tests. 



between concretes from different batches. The numbers of the batches 
from which the pull-out specimens of the 1909 series were made are 
given with the tables of test data. 

In the group of tests on deformed bars (Table 14) one specimen of 
each set was made from each of five batches which were mixed at 
intervals of about two weeks. In the series on "Effect of Age and 
Mix," (Table 16) three specimens with plain round bars and two with 
corrugated bars for each age were made from one batch, and the re- 
maining specimens from a second batch. 
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8. Reinforced Concrete Beams. — The 1909 series of tests included 
11 reinforced concrete beams; the 1911 series^ 36 beams, and the 1912 
series, 63 beams. All of the beams (with the exceptions mentioned in 
Table 27) were 8 by 12 in. in section. The length was generally 6I/2 ft. 
A few of the beams in the 1911 and 1912 series were made in 
lengths of 53^, 7i/^, 8^ and 10% ft. The arrangement of the rein- 
forcement for typical forms of beams is indicated in Pig. 2. The ends 
of the bars were squared, and extended flush with the ends of the beam. 
In all but two sets of beams the longitudinal reinforcement consisted of 
a single straight bar placed in the middle of the width of the beam, 
with its center 10 in. below the top. One set of three beams in the 
1912 series was reinforced with 3 %-in. rounds and one set with 4 %-in. 
rounds. 

All of the beams, except a part of the 1911 series, were reinforced 
with vertical stirrups of plain round bars in sizes varying from ^ to 
% in. The stirrups engaged the longitudinal reinforcement and ex- 
tended to the top surface of the beams; they were placed 4 in. apart 
throughout the outer thirds of the beam in the 1909 series and 6 in. 
apart in other beams in which stirrups were used. In the beams in which 
the longitudinal reinf 01 cement consisted of a single bar, the stirrups 
were V-shaped; in the beams in which three or four smaller rods were 
used for longitudinal reinforcement, the stirrups were U-shaped; in the 
1911 and 1912 beams the ends of the stirrups were curved inward. 

The beams were made in wooden forms directly on the concrete 
floor of the laboratory, a sheet of building paper having been placed 
under the form. Generally enough concrete was mixed at one time to 
make two beams and the corresponding auxiliary specimens. Enough 
concrete was placed in the form at first to fill it a little above the point 
where the center of the reinforcing bar should be. After placing the 
reinforcing steel in position, the form was filled in layers of about 3 in. 
depth. Prom the first few batches of machine-mixed concrete only one 
beam was made; later it became the practice to discharge two batches 
together on the cement floor of the laboratory before commencing the 
making of the beams. This supplied enough concrete for two or three 
beams and the corresponding auxiliary specimens. 

The 1909 beams were considered a preliminary group. The beams 
of the 1911 and 1912 series were generally made and tested in sets 
of three. 
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IN THE Tests. 
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9. Auxiliary Test Specimens. — Prom each batch of concrete three 
or more 6-iii. cubes were made for compression tests. With several 
groups of the 1909 pull-out specimens in which the age at test or con- 
dition of storage were varied, sets of cubes were made for each varia- 
tion. The 6-in. cubes were made in metal forms. Plain concrete beams 
6 by 8 in. in section and 42 in. long, for flexure tests, were made from 
each batch of the 1909 pull-out tests. Pull-out specimens were made 
from the same material as was used in many of the reinforced concrete 
beams of the 1911 and 1913 series. 

10. Storage of Concrete Specimens. — The 1909 pull-out speci- 
mens and the corresponding 6-in. cubes were stored in damp sand 
unless otherwise noted. The plain concrete flexure beams were stored 
in open air. These forms were removed after four days except for 
the specimens tested at age of two days. The specimens were stored 
in a damp room where the temperature range was about 65° to 75° P. 

All of the reinforced concrete beams were stored in the open air 
of a room in which the temperature varied from 50° to 75° P. They 
were wet daily with water from a hose until about two months old. The 
pull-out specimens made with the 1911 and 1913 series of beams were 
stored under the same conditions as the beams. The 6-in. cubes made 
with the beams were stored in damp sand. The forms of the beams 
and their auxiliary specimens remained in place seven days. 

The variations in the conditions of storage of the pull-out speci- 
mens made at different times should be borne in mind when comparing 
the bond stresses developed in the different series of tests. 

The 1909 pull-out specimens were made between Jan. 1 and May 5 ; 
the 1909 beams between Feb. 1 and April 15; the 1911 series of beams 
between Jan. 1 and April 15; and the 1913 series of beams between 
Nov. 1, 1911, and Jan. 33, 1913. Other smaller groups included under 
"Miscellaneous Tests" were made during the season 1911-1913. The 
1909 pull-out tests were generally made at age of about 60 days. In 
a few of the groups of pull-out tests the age ranged from 3 days to 
about 3% years. The 1909 beams were tested at about 100 days; the 
1911 beams and pull-out tests at about 8 months; the 1913 beams 
and companion specimens at about 60 days. 

11. Method of Malcing Pull-out Tests.— In testing, the pull-out 
specimen was placed above the weighing head of the testing machine as 
shown in Pig. 3. The lower end of the embedded bar was engaged by 
the grips of the pulling head of the testing machine, the load being 
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transmitted from the concrete cylinder which rested on a planed cast- 
iron base plate, through a rubber cushion to a spherical bearing block 
through which it passed to the weighing head of the machine. The 
rubber cushion served to reduce the rate of application of the load 
during the earlier stages of the tests and to minimize the effect of 
shocks arising from the slipping of the grips or vibration of the testing 




Fig. 3. Pull-out Specimen in Machine Ready for Test. 



machine. The spherical bearing block allowed the bar to take a vertical 
position and tended to prevent bending action due to the bar being 
non-central in the machine or not parallel to the axis of the cylinder. 

A 100,000-lb. Eiehle testing machine was used for all the pull-out 
tests. In these tests the moving head of the testing machine moved 
at the rate of 0.05 in. per minute. 

In the pull-out tests the amount of movement of the free end of 
the embedded bar was measured by means of an Ames gage in contact 
with the upper or free end of the bar. The instrument was mounted 
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on a yoke which was attached near the top of the concrete cylinder, as 
shown in Pig. 3. This instrument is self -indicating and requires no 
manipulation during the test. It is graduated directly to 0.001 in., and 
fractional parts of a division may readily be estimated. In order to 
test the stability of the yoke and to determine whether the top face of 
the cylinder remains a plane section during the test, four additional 
Ames gages were attached to the yoke at different points along the diam- 
eter of the cylinder in a number of tests. The yoke remained perfectly 
stable. The concrete ^4 ^^- from the bar showed a measurable depression, 
about 0.0002 in. at loads near the maximum, but no depression could 
be measured at points further than 1 in. from the edge of the bar. 

The load was applied continuously, except in a few of the tests in 
which the load was released and reapplied after the beginning of slip 
at the free end of the bar. As the test progressed the loads on the test- 
ing machine corresponding to an end slip of 0.0005 in., 0.001, 0.003, 
0.005, 0.01, 0.02, 0.05, and 0.10 in., were noted. A slip of 0.0005 in. 
is about the smallest amount that should be used in making comparison, 
although smaller amounts can readily be measured. 

Two men were required to conduct a test; one man operated the 
testing machine and observed the loads, while the other observed the 
amount of movement of the bar and kept the test notes. 

12. Method of Making Beam Tests. — The reinforced concrete 
beams were loaded in a 200 000-lb. Olsen testing machine. The beams 
were tested under two equal loads applied generally at the one-third 
points of the span length; exceptions to this method of loading are 
noted in the tables. In general the ends of the beams overhung the 
supports 3 in. ; in some of the 1911 tests the overhang was 9 and 15 in., 
respectively. The supports consisted of roller or rocker bearings. 
Hollers were used also to transmit the load to the top of the beams. 
Fig. 56 shows a beam set up in the testing machine ready for loading. 

Center deflections and the movement of the ends of the reinforcing 
bars were measured by means of Ames gages. For measuring deflec- 
tions the Ames gage was attached at the middle of a wooden bar which 
was carried by metal points at the mid-depth of one face of the beam 
at points directly over the supports. A small metal bracket attached to 
the beam at mid-span, transmitted the movement of the beam to the 
gage. For measuring the movement of the ends of the reinforcing bar, 
the gages were carried by yokes in such a way that the plunger had a 
direct bearing against the end of the bar. 
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In many beams of the 1911 and 1912 series observations were made 
on the amount of movement of the reinforcing bar with respect to the 
adjacent concrete at several points along the length of the beam as 
described in Art. 66. The method of attaching the instruments to the 
beam is shown in Fig. 56. 

The load was applied in increments of 1000 or 2000 lb. In all but 
five of the beam tests the load was increased progressively to failure. 

13. Av£ciliary Tests. — The 6-in. cubes were tested for compressive 
strength only. About one day before testing, the faces to be loaded 
were bedded in a thin layer of plaster of paris. At least one set of three 
cubes made with each batch of the 1909 pull-out specimens was tested 
at age of 60 days. 

The 6 by 8 in. plain concrete beams made with the 1909 pull-out 
specimens were loaded at the one-third points of a 3-ft. span with the 
8-in. dimension vertical. The age at test was generally 60 days. 

III. Experimental Data and Discussion. 

14. Preliminary Discussion of the Nature of Bond Resistance.^ ■ 
In this preliminary discussion it will be necessary to anticipate certain 
conclusions which appear in the following pages. The tests therein 
reported indicate that if a bar embedded in concrete is subjected to a 
tensile stress sufficient to overcome the bond resistance and withdraw 
the bar, certain definite relations exist between the amount of movement 
of the bar and the bond stresses developed. In the case of plain bars 
of ordinary mill surface there is no appreciable movement of the bar 
until a bond stress about 60% of the maximum bond resistance has 
been developed. If the bar is further stressed until the slip amounts to, 
say, 0.1 in. it will be seen that the bond-slip relations have undergone 
numerous changes. After slipping begins, the bond stress increases 
with further movement of the bar, very rapidly at first, then mora 
slowly until the maximum bond resistance is reached. After the maxi- 
mum bond resistance is reached, the bond stress drops off with further 
slip and at a slip of, say, 0.1 in. amounts to about 50 to 60% of the 
maximum. 

For purposes of this discussion bond resistance may be divided 
into two elements which we shall designate as (1) adhesive resistance 
and (2) sliding resistance. The term adhesive resistance is used to 
designate the bond resistance developed before movement of bar with 
respect to the adjacent concrete begins. Sliding resistance is applied to 
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the resistance developed as a result of the movement of the bar. Ad- 
hesive resistance may be considered as due to tangential adhesion be- 
tween the concrete and steel and to static friction. The origin of 
tangential adhesion is not well understood, but its presence is a matter 
of universal experience with materials of the nature of mortar and 
concrete. It is recognized that tangential adhesion does not account 
for all the resistance developed before slipping begins, but the difference 
may be attributed to static friction developed by the pressure or grip 
of the concrete on the bar. As soon as the adhesive resistance is over- 
come, that is, as soon as the bond stress exceeds the sum of the tan- 
gential adhesion plus the static friction, there is a movement of the 
bar with respect to the adjacent concrete. Although we cannot ac- 
curately divide this adhesive resistance into its component elements, the 
sum of these elements or the total adhesive resistance can be determined, 
and it is found that under certain conditions it bears a definite ratio 
to the ultimate bond resistance. 

The bond resistance which is developed after slip of bar begins may 
be said to be due entirely to sliding resistance. Friction between bodiea 
in contact arises primarily from roughnesses of their surfaces; its value 
is expressed as the product of the coefficient of friction into the normal 
pressure which exists at the surfaces of contact. The static friction 
mentioned above is due to the same cause. The roughness of surface 
in the case of a bar embedded in concrete is due to inequalities in the 
surfaces of contact which arise from irregularities of section and align- 
ment of the bar and the corresponding conformation of the concrete. 
The coefiScient of friction between concrete and steel for the conditions 
present in these tests has not been determined. The normal pressure 
at the surface of the bar may be due to the following causes: (a) 
initial stresses generated by shrinkage of the concrete during setting and. 
hardening; (b) wedging of the bar in the concrete following a move- 
ment from its original position. This wedging is caused by the inequal- 
ities in the bar mentioned above and in itself will give an added resist- 
ance. Apparently it is augmented under certain conditions by concrete 
adhering to the bar. 

In the above discussion the various components of bond resistance 
have been mentioned in the order in which they become effective in re- 
sisting bond stress. It is evident from these considerations that what 
has been termed adhesive resistance, that is, the amount of bond resist- 
ance which may be utilized before slipping begins, is by far the more 
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significant element. While frictional resistance is of importance, re- 
liance should not be placed on this element of bond resistance. 

It was stated above that we cannot accurately divide adhesive re- 
sistance into its component elements; however, certain tests do give 
some indication of the values of these components. A large number of 
specimens with polished round bars embedded 8 in. in 1-2-4 concrete 
tested at age of 60 days gave a maximum bond resistance of about 160 
lb. per sq. in. In these tests frictional resistance (both static and slid- 
ing) was reduced to a minimum and bond resistance after slipping 
began was almost nil. We may conclude then that 160 lb. per sq. in. 
represents about what may be expected for the tangential adhesion 
between steel and concrete of this quality. It seems probable that the 
same value may be used for the tangential adhesion between any clean 
steel surface and concrete of the quality used. Eound bars with ordi- 
nary mill surface tested under the same conditions as the polished bars 
show slip to begin at, say, 260 lb. per sq. in. with a maximum bond 
resistance of about 440 lb. per sq. in., developed after a slip of about 
0.01 in. had occurred. The difference of about 100 lb. per sq. in. between 
the bond resistance developed by the polished bars and by the ordinary 
bars when slipping "begins (corresponding also to the maximum for the 
polished bars) may be said to represent the value of static friction for 
the bars of ordinary mill surface above thaf of polished bars embedded 
in the same concrete. The additional bond resistance developed by the 
ordinary bars after slipping begins is due to frictional resistance. 

The above observations refer primarily to the general case of bond 
between concrete and plain bars; for deformed bars, certain obvious 
modifications in these statements would be necessary. It will be seen 
later that the conditions under which the specimen is molded and tested 
have an important bearing on the bond resistance developed in any case. 

In reinforced concrete beams, where the reinforcing bars are con- 
sidered to take the main tensile stresses, the phenomena of bond action 
are complicated by the stiffness of the adjoining concrete in resisting 
stretching concurrently with the steel. This results in anti-stretch 
slip, a term which is discussed at length in Art. 68. The presence of 
this stress makes it desirable to distinguish between the phenomenon of 
anti-stretch slip and the slip produced by ordinary beam action. 

15. Strength of Concrete. — The compressive and flexural strength 
of the various batches of concrete used in the 1909 series of pull-out 
specimens are given in Table 4. For convenience of reference a sum- 
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TABLE 4. 
Record of Batches of Concrete Used in the 1909 Pull-out Tests. 

or.Jt%Mn^f.^ compressive strength of 69 6-in. cubes from 19 batches of 1-2-4 cou- 
lZ^.t 1 ; ^f/\ .^'^J^^ average modulus of rupture of 18 6 by 8-m. plain 

concrete beams loaded at the H points of a 36-in. span, is 296 lb. per sq. in. The ave° 
age values with the mean variations for the cube and plain beam tests may be ex- 
pressed as 21S0±58 and 296±16 lb. per sq. in. respectively. 

The tests given in this table were made at age of about 60 days. 

Stresses are given in pounds per square inch. 



Batch 
No. 


Date 
Made 
(1909) 


Number of Specimens 
from Batch 


Mixture 

by 
Loose 


Mixture 
by 


Compressive 
Strength 
of6-m. 


Modulus of 
Rupture of 








6x8x36-in. 






Pull-out 


6-in. 
Cubes 


Flexure 
Beams 


Volume 


Weight 


Cubes 


Plain Beams 


1 

2 


Jan. 1 


47 


27 




1-2-4 


1-2.4-4.3 


1819 


376 


Jan. 7 


48 


18 




l-VA-3 


1-1.8-3.3 


3060 


399 


3 


Jan. 12 


25 


15 




1-2-4 


1-2.5-4.0 


2898 


650 


4° 


Jan. 13 


40 


15 




1-2-4 


1-2.4-5.5 


1913° 


338° 


5 


Jan. 18 


39 


39 




1-3-6 


1-3.6-6.3 


1908 


282 


6 


Jan. 25 


5 


6 




1-1-2 


1-1.5-2.0 


4061* 


374 


7 


Jan. 22 


5 


6 




1-4-8 


1-5.0-8.8 


1195* 


161 


8 


Jan. 22 


5 


6 




1-2-2 


1-2.1-1.9 


2696* 


332 


9 


Jan. 22 


5 


6 




1-5-10 


1-6.3-10.2 


533* 


62 


10 


Jan. 27 


43 


6 




1-2-4 


1-2.4-4.2 


2180* 


299 


11 


Feb. 1 


24 


3 




1-2-4 


1-2.4-4.3 


1840 


379 


12 


Feb. 9 


47 


27 




1-2-4 


1-2.2-3.8 


2637 


303 


13 


Feb. 15 


25 


18 




l-VA-3 


1-1.9-3.3 


2688 


389 


14 


Feb. 15 


5 


3 




1-2H-5 


1-3.0-5,1 


1595 


223 


15 


Feb. 15 


S 


3 




1-2-3 


1-1.8-2.4 


1733 


302 


16 


Feb. 25 


5 


3 




1-2-5 


1-2,1-6.0 


1685 


122 


17 


Feb. 19 


50 


6 




1-2-4 


1-2.3-4.3 


1683* 


240 


18 


Feb. 25 


5 


3 




1-2-1 


1-2,1-1.1 


2870 


336 


19 


Feb. 25 


30 


21 




1-3-6 


1-3.4-6,2 


1242 


183 


20 


March 1 


42 


18 




1-1-2 


1-1.2-2,1 


3000 


367 


21 


March 6 


45 


21 




1-4-8 


1-4,6-8,3 


1298 


167 


22 


March 10 


23 


3 




1-2-4 


1-2,3-4.2 


2043 


213 


23 


March 11 


33 


18 




1-1-2 


1-1.2-2.0 


3488 


339 


24 


March IS 


51 


6 




1-2-4 


1-2.0-3.5 


1468* 


151 


25 


March 19 


25 


3 




1-2-4 


1-2.4-4.3 


1950* 


169 


26 


March 20 


30 


18 




1-4-8 


1-4.8-8.5 


800 




27 


March 23 


67 


6 




1-2-4 


1-2.4-4.3 


1675 


247 


28 


March 30 


9 


3 




1-2-6 


1-2.4-6.6 


1108 


113 


29 


March 30 


10 


3 




1-2-0 


1-4.2-0. 




397 


30 


March 27 


53 


6 




1-2-4 


1-2.4-4,2 


i7i5 


172 


31 


March 31 


3S 


3 




1-2-4 


1-2.3-4.1 


2300 


332 


32 


March 31 


5 


3 




1-2-8 


1-2.4-8.0 


1240 


117 


33 


April 8 


40 


24 




l-lK-3 


1-1.^3.1 




371 


34 


April 19 


42 


3 




1-2-4 


1-2.5-4.5 


i996 


202 


35 


April 23 


45 


9 




1-2-4 


1-3.1-5.9 


3040 


427 


36 


April 16 


26 


3 




1-2-4 


1-2.4-4.5 


1770 


238 


37 


April 24 


48 


3 




1-2-4 


1-2.4-4.2 


2460 


357 


38 


May 5 


7 


3 




1-3-6 


1-3.7-6.5 


967 


297 


39 


April 29 


60 


21 




1-2-4 


1-2.2-4,1 


2190 


379 


40 


May 3 


55 


36 




1-2-4 


1-2,4-4,3 


2560 




Total 




1198 


444 


39 











° Batch No. 4 was made from Chicago AA cement; all others from Universal cement. 
* Average of 6 tests; all other values for cube strength are the averages of 3 tests. 



24 



ILLINOIS ENGINEERING ESPEEIMENT STATION 



mary of the strength of concrete from the most important groups of 
tests is given in Table 5. This table includes all the tests on 6-in. 
cubes which were stored in damp sand and tested at age of about 60 
days. The average compressive strength of 69 6-in. cubes from 19 
batches of 1-2-4 concrete in Table 4 is 2150 lb. per sq. in. ; the average 
flexural strength of the same concrete, 396 lb. per sq. in. Values for the 
compressive strength of the concrete used in each group of specimens are 
given in the tables of test data. Other data of compressive strength for 
different mixes and ages are shown in Tables 16 and 18 and in Pig. 35. 
Values for different conditions of storage are given in Table 13. 



TABLE 5. 
Compressive and Flexural Strength of Concrete. 

All cubes given in this table were stored in damp sand. The plain beams were 
stored in the open air. 

Cube tests for other ages and conditions of storage are given in Tables 12 and 16. 
Stresses are given in pounds per square inch. 





Cement 


Method 

of 
Mixing 


Number 

of 
Batches 


A seat 
Te.st 
diiya 


6 X S X 36-in. 
Plain Beams 


6-in. Cubes 






Number 
of Tests 




Mil 


Number 
of Tests 


Modulus 
of Rupture 


Com- 
pressive 
strength 



1-2-4 
1-24 



1-2-4 
1-2-4 
1-2-4 



1909 



1-1-2 


Universal 


Hand 


3 


61 


3 


362 


12 


3653 


l-lH-3 


Universal 


Hand 


3 


62 


3 


338 


6 


2874 


1-2-4 


Universal 


Hand 


19* 


64 


18 


296 


69 


2150 


l-2>4-5 


Universal 


Hand 


1 


61 


1 


223 


3 


1555 


1-3-6 


Universal 


Hand 


3 


62 


3 


241 


9 


1372 


14-8 


Universal 


Hand 


3 


60 


2 


169 


12 


1102 


1-5-10 


Universal 


Hand 


1 


60 


1 


62 


6 


533 


1-2-0 


Universal 


Hand 




72 




357 






1-2-1 


Universal 


Hand 




60 




336 


3 


2870 


1-2-2 


Universal 


Hand 




60 




332 


6 


2696 


1-2-3 


Universal 


Hand 




61 




302 


3 


1733 


1-2-5 


Universal 


Hand 




61 




122 


3 


1685 


1-2-6 


Universal 


Hand 




65 




113 


3 


1108 


1-2-8 


Universal 


Hand 




73 




117 


3 


1240 


1-2-4 


Chicago AA 


Hand 


6t 


100 






18 


1700 



1911 



Universal 
Lehigh 



Hand 
Hand 



11 

6 



240 
240 



1912 



Uhiveraal 
Universal 
Univeraal 



Hand 


12 


63 




Machine 


31 


63 




Machine 


4 


240 





* Includes one batch (No. 4) made of Chicago AA cement, 
t From the concrete used in the 1909 beams. 
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3100 
2937 
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2800 
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The compressive strength of 6-iii. cubes from the 1912 1-2-4 con- 
crete tested at average age of 63 days was as follows : 36 cubes of hand- 
mixed concrete, 2200 lb. per sq. in.; 93 cubes of machine-mixed con- 
crete, 2800 lb. per sq. in. The machine-mixed cubes gave about 30% 
higher strength than the hand-mixed. However, it will be seen later 
that all of the tests do not bear out this conclusion ; in some of the beam 
tests the hand-mixed concrete gave the higher values for bond and 
vertical shearing stress. 

In making some of the larger batches of concrete for the 1909 pull- 
out tests a period of from three to four hours elapsed between the 
making of the first and last specimens. From five batches of this kind a 
set of three 6-in. cubes was made as soon as the mixing was completed 
and a second set after about 50 pull-out specimens had been finished. 
The portion of the batch remaining on the mixing floor was turned two 
or three times during the interval between making the two sets of cubes. 
The average compressive strength of five sets of cubes made as soon as 
the mixing was complete, was 1756 lb. per sq. in. The average for cubes 
made 3% hours after mixing, was 1733 lb. per sq. in., a difference of 
about 1%. It will be remembered that the Vicat needle test showed this 
cement to reach final set at 3% hr. 

A. Pull-out Tests. 

16. Classification of Pull-out Tests. — A total of 1500 pull-out tests 
are reported in this bulletin. The 1909 series included about 1000 pull- 
out specimens. Forty-two pull-out specimens were made as companion 
pieces to the 1911 series of reinforced concrete beams, and 180 with the 
1912 series of beams. The remainder of the pull-out tests are grouped 
under "Miscellaneous Tests," Art. 54 to 64. 

The pull-out tests vidll be discussed under eight different headings 
as shown in Table 6, which indicates the number of tests included under 
each sub-division and the tables and figures in which details of the tests 
may be found. An inspection of the table will show that these divisions 
are not exclusive, as such elements as effect of age, proportions of con- 
crete, condition of storage, etc., are found to be important variables in 
more than one of the groups. A few tests are included under two sub- 
divisions, but this is indicated in the tables of test data. However, each 
sub-division may be considered as a more or less complete series of tests. 
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and they were so considered in designing and making the specimens. 
In making comparisons between different groups, the conditions of 
storage and the quality of the concrete as shown by the cube tests, 
should be taken into consideration. 

TABLE 6. 

Classification of Pull-out Tests. 



Item 



Number 
of 

Tests 



Test Data in 



Tables 

No. 



Figures 
No. 



a. Effect of Variations in the Dimensions of Full-out Specimens 

b. Effect of Shape of Section and Condition of Surface of Bar . . . 

c. Effect of Condition of Storage 

d. Bond Tests with Deformed Bars 

e. Effect of Age and Mix 

f . Effect of Anchoring End of Ear 

g. Miscellaneous Tests 

Companion Tests to Reinforced Concrete Beams 



163 
00 
189 
116 
265 
97 
357 
222 



7, 8, 9, 10 

11 

1 

13, 14, 15 

16, 17, 18 

19 

20, 21, 22, 24 

28, 29, 30, 32, 3 

and .34 



Stole 

17,18 

19,20 

21 to 26 

27 to 35 

36,37 

38 to 45 

49,55 



17. Stresses and D-eformations in a Pull-out Specimen. — As load 
is applied to the bar in a pull-out specimen of the form used in these 
tests, the tensile stress in the bar is gradually taken off along the em- 
bedded length by bond between the bar and the surrounding concrete. 
Thus the total tension in the bar, the total compression over the lower 
face of the concrete block and the total bond stress between the concrete 
and steel are equal. The principal stresses existing in a pull-out speci- 
men of the form generally used are indicated in Fig. 4. If we con- 
sider the bond stress to be uniformly distributed along the length of 
the bar, the bond unit stress is : 

P 
m ft 
where P is the total load on the bar, to is the perimeter of the bar, and 
h is the length of embedment. It is evident that owing to the elonga- 
tion in the steel due to tensile stress and the shortening in the concrete 
block due to compressive stress, acting in opposite directions, the greatest 
bond stress during the early stages of the test and consequently the 
first slip between concrete and steel must occur at the point where the 
bar enters the block, and that slip will always be a little greater here 
than at points of greater embedment. Experimental verification of this 
statement will be found in the tests. A numerical example will assist 
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m fixing ideas. Consider a 1-in. round bar embedded 8 in. in an 8-in. 
cylinder. Tests s.how that a specimen of these dimensions, of 1-2-4 con- 
crete about 60 days old, will withstand a bond stress of about 360 lb. 
per sq. in. before slip begins. At this stress the total compression in 
the concrete and tension in the bar are each 6500 lb. The stresses in 
the concrete and in the steel are 132 and 8300 lb. per sq. in., respect- 
ively. If we assume that the deformations in the concrete and the steel 
are proportional to the stress and that the bond stress is uniformly dis- 
tributed along the length of the bar we shall have 0.0002 in. and 0.0011' 
in. for the total deformation in the concrete and steel, using 2 500 000 
and 30 000 000 lb. per sq. in., respectively, as the moduli of elasticity 




Eorly Stages 
ofT 



ofTesf 
Distribution or Bond 5tn^5s 



After Slipping 
tiecomes benercA 



Fig. 4. Diagram Showing Principal Stresses in a Pull-out Specimen. 

of the materials. This gives a total slip at the lower end of the block 
of 0.0013 in. when slip at the free end first becomes perceptible. These 
considerations show that for a 1-in. bar the relative movement at the 
bottom due to steel deformation is over five times as great as that due 
to concrete deformation, and indicate that as far as the bond resistance 
is' concerned the compressive stress developed in the concrete block is 
of ininor importance as compared with the steel stress. For smaller 
bars the influence of the concrete stress is negligible. 

As an extreme case consider a 1^4-™- plain bar embedded 24 in. 
as in the tests in Table 9. Slipping at the free end of the bar began at 
an average bond stress of 278 lb. per sq. in. The average compressive 
stress over the lower face of the concrete block at this stage of the test 
was 540 lb. per sq. in. and the tensile stress in the bar, 21 300 lb. per 
sq. in. If the bond stress be considered uniformly distributed along 
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the length of the bar, this gives a slip of 0.0112 in. at the bottom when 
slip at the top of the block begins. It will be found that for specimens 
of the form generally used in these tests, the bond resistance of plain 
bars increased as slip progressed and reached a maximum when the 
bar had slipped about 0.01 in. The tests on 1^-in. plain bars in Table 
9 and Pig. 11 bear out the conclusion that was reached from these com- 
putations, that with 24-in. embedment, the maximum bond resistance 
of the bar as a whole does not differ much from that corresponding to 
first slip at the free end. 

In addition to the longitudinal stresses set up in the concrete and 
steel, stresses are developed normal to the surface of the bar. During 
the later stages of the test these stresses become considerable and may 
be sufficient to split the concrete surrounding the bar. This is espe- 
cially evident with deformed bars, though the splitting action was found 
with plain bars. 

18. Phenomena of Pull-out Tests. — Pig. 6 summarizes load-slip 
curves for plain round bars for a variety of conditions of age, mix, 
size of bar, length of embedment and storage. Each curve is a composite 
of from 5 to 10 tests. Por ease of making comparisons all bond stresses 
have been plotted as a percentage of the maximum bond resistance. 
Only the portions of the curves preceding the maximum are plotted here ; 
all of these tests are discussed in detail in the following pages. These 
curves are quite similar, considering the wide variations of conditions 
present. Attention should be called to the fact that in this figure the 
values of slip of bar were measured at the free end. Generally, slip at 
the free end began at a load between 60% and 80% of the maximum. 
In nearly all cases the maximum load occurred at an end slip of about 
0.01 in. It seems that a movement of 0.01 in. between the concrete 
and steel was sufficient to destroy the irregularities which were most 
effective in increasing bond resistance after the adhesion was broken. 

The curves in Pig. 5 represent the successive condition at each 
point along the length of the bar. The basis of these curves is given in 
Arts. 19, 22 and 23. The solid curve may be considered as typical of 
the load-slip relation found in pull-out tests with plain bars. This curve 
represents what may be considered as the bond-stress-slip history of 
each unit of the embedded length of a plain bar. It exhibits the fol- 
lowing characteristics : 

(1) There is no measurable slip of bar until a bond stress of 
about 260 lb. per sq. in. has been developed. 



ance. 
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(2) Slipping begins at about 60% of the maximum bond resist- 



(3) When the bar has slipped 0.001 in. at any point the bond 
stress there is about 75% of the maximum bond resistance. 

(4) When the slip at any point reaches 0.005 in. the bond stress 
there is 95% of the maximum. 
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Fig. 5. Load-slip Curves after Eliminating Size of Bar 
AND Length of Embedment. 

(5) The maximum bond resistance occurs at a slip of about 0.01 
in., and the bond resistance decreases with further movement of the bar. 

(6) When the bar has slipped twice the amount which was meas- 
ured at the maximum bond resistance the bond stress has decreased 
only 10%. 

(7) When the bar has moved 0.05 in., five times the slip at the 
maximum bond resistance, the bond stress is still about 70% of the 
maximum. 

The curve shows that the term "running friction" loses its signifi- 
cance in view of the data of these tests, since, properly speaking, we 
are dealing with "running friction" throughout the test after move- 
ment begins. 
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It should be borne in mind that these deductions apply only to test 
specimens of the form used, under a progressively applied load that does 
not exceed the yield point strength of the bar. It will be seen later thai 
the continuation of a constant load after slipping has begun, and other 
variations materially modify the load-slip relation. The broken line 
in Pig. 5, from a series of tests on corrugated round bars, indicates the 
corresponding load-slip relations for this type of bar. 
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a — Effect of Variations in the Dimensions of Pull-out Specimens. 

19. Effect of Size of Plain Bars; Embedment Variable. — In this 
group of tests the diameter of the concrete cylinders for all the speci- 
mens was 8 in., but the size of bar and length of embedment varied as 
shown in Table 7, between the limits l^-in. plain round bar embedded 
3 in. and li4-iii. round bar embedded 16 in. It will be seen that these 
dimensions are such as to give a nearly constant ratio (about 50) be- 

TABLE 7. 

Effect of Size of Bah; Embedment Variable. 

Diameter of concrete cylinders 8 in. in all cases. 

1-2-4 hand-mixed concrete from Batches 11, 22, 25, 31, and 36. (See Table 4.) 
The average compressive strength of 18 6-in. cubes from this concrete, tested at age 
of about 60 days, was 1975 lb. per sq. in. 

Stresses are given in pounds per square inch. 



Size of 


Length of Embed- 
ment 


Number 
of 

Tests 


Age at 
Test 
days 


Bond Stress at 
End of Slip of 


Maximum 
B ond 


Bar 


inches 


diameters 


.0005 in. .001 in. 


Resistance 



Plain Round Bars. 



Jiin. 


3 


12.0 


i 


71 


376 


388 


476 


Hin. 


4?i 


12.6 


i 


73 


339 


371 


423 


Hin. 


6 


12.0 


5 


71 


263 


316 


408 


Hm." 


8 


12.8 


5° 


72 


266 


295 


405 


Hin. 


9M 


12.6 


5 


70 


287 


311 


386 


1 in. 


WA 


12.8 


6 


70 


305 


327 


392 


IJiin.* 


16 


12.8 


9' 


75 


275 


298 


359 




72 


301 


330 


407 













Corrugated Bars. 



H in. sq. 


3H 


17.5 


5 


71 


282 


335 


739t 


a in. sq. 


4H 


15.0 


4 


71 


324 


356 




J4 in. sq. 


8 


16.0 


S 


71 


341 


371 


702 1 


Ji in. sq. 


12 


16.0 


5 


71 


339 


367 


730t 


IH in. rd.' 


24 


19.2 


9* 


77 


268 


301 


688t 




72 


311 


346 


715t 













° The same testa are included in Table 8. 

• Includes 4 testa made with group in Table 9. . j ■ ■ v 

t Blocks were reinforced against bursting by means of J^-in. spirals. The maxmium bond stress given m the 
tables for corrugated bars is the average sfoesa developed at an end slip of 0.1 in. 
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tween the embedded area and the cross sectional area of the bar and 
corresponds to an embedment of about 12 diameters for each of the 
bars. It was felt that this was the proper basis for a series of tests to 
show the relation between the bond resistance and the size of bar. The 
load-slip curves are plotted in the upper portion of Fig. 7. In Fig. 8 
the loads have been plotted for slips at the free end of the bar of 0.0005, 
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O.OOlj 0.003, 0.005 in. and for the maximum bond resistance, correspond- 
ing to a slip of about 0.01 in.; the corresponding points are connected 
by straight lines. A slip of 0.0005 in. may be considered as the begin- 
ning of slip. 

In general the smaller bars gave a bond resistance slightly higher 
than the bars of larger size, but the relation is not well defined at all 
stages of the tests. The maximum bond resistance decreased as the 
diameter of the bar increased. The %-in. bars gave values at the maxi- 
mum load about 15% higher than the 1%-in. bars. The 14-in. bars 
embedded 3 in. were somewhat erratic in their behavior. Some of the 
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Fig. 8. Bond Resistance of Plain Round Bars; Embedment Variable. 

concrete blocks split at the maximum load. The cause for this is some- 
what problematical, but it probably was due to slight irregularities in 
the contact between the concrete block and the bearing plate and to 
lack of stiffness in the blocks which prevented them from distributing 
the compressive stress over their entire base. 

With a constant ratio between the average bond stress throughout 
the length of the bar and the tensile stress in the steel, that is, with the 
bars embedded a constant multiple of the diameter, there are several 
variables which may affect the bond stresses developed. Among these 
may be mentioned: 
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(1) Variation in the compressive stress in the concrete block; 

(2) Contraction in the section of the bar due to the tensile stress; 

(3) Variations in the section and alignment of bars of different 
sizes. 

(1) The compressive stress in the concrete blocks in these tests 
varies directly with the section of the bar, if the bond unit stress is the 
same. The maximum compressive stress at the bottom of the concrete 
blocks in the tests on the %-in. bars embedded 6 in. and on the 1^-in. 
bars embedded 16 in. are 76 and 632 lb. per sq. in., respectively, using 
400 lb. per sq. in. bond stress in both cases. It is evident from these 
tests and the tests discussed in Art. 21 and 22 that a vride variation in 
the amount of compressive stress in the concrete block has very little 
influence on the bond stresses developed in the tests. 

(2) The total contraction of the section of the bar due to tensile 
stress will be proportional to the diameter of the bar for the same unit 
stress in the steel. For the 1%-in. bars used in this group of tests the 
diameter of the bar is shortened as much as 0.0004 in. when it is carry- 
ing the highest stress. A portion of this shortening was counteracted 
by the corresponding expansion in the concrete, but since the distribu- 
tion of the concrete stresses is not known and the amount of this expan- 
sion uncertain, the relation of these deformations cannot be determined. 
It seems that the contraction in the section of the bar may have a slight 
influence in reducing the bond resistance of the larger bars for loads 
near the maximum. This influence would not be important in the 
group of tests discussed in Art. 22, since the steel stresses were not high. 

(3) The bars used presented surfaces which apparently were sim- 
ilar in all respects. It has frequently been observed, however, that 
small rolled bars are more irregular in section and alignment than 
larger bars. This fact may partially account for the higher stresses 
developed by the smaller bars in the later stages of the tests. The lower 
bond stress developed by the smaller bars after an end slip of 0.01 
in. has occurred lends color to this opinion. 

These tests indicate that small bars give a somewhat higher bond 
resistance than larger bars. Earlier discussions of this subject have been 
based on the maximum bond stresses developed by bars of different 
sizes embedded equally without regard to the load-slip relations present. 
A group of tests of this kind is discussed in the following article. 

In Fig. 8 dotted lines have been drawn which indicate the gen- 
eral trend of the values of bond resistance in these tests for the various 
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amounts of slip. In constructing these lines least weight has been given 
to the values for 14 ^^^^ %-iii- bars, since the load-slip curves in Fig. 7 
show these tests to be abnormal. The points at which these lines inter- 
sect the vertical axis may be said to represent the bond stresses for a 
bar of infinitesimal diameter embedded an infinitesimal length; the em- 
bedded length is still equal to about 12 diameters. These values and 
values obtained in a similar way from Pig. 12 have been iised to plot 
the load-slip curve shown by the solid line in Pig. 5. It will be seen 
that the values given in the figure for the two series of tests are nearly 
identical. This curve may be said to show the successive variations in 
bond resistance at each point along the length of the bar during the 
progress of the test after eliminating the size of bar and length of em- 
bedment. This consideration shows slipping to have begun at a some- 
what lower load than was indicated by the measurements of slip at the 
free end of the bar and that the maximum bond resistance from point 
to point was a little higher than that found for the bar as a whole. This 
is as might have been expected, since, up to the load at which slip reached 
a considerable amount and became general, each point along the length 
of the embedded bar was in a different stage of its load-slip history. 
After the maximum load the curve for infinitesimal embedment follows 
the general course of the other curves, which indicates that after the 
adhesion was entirely broken and slip became general, the frictional 
resistance was about the same for all sizes of bars of the kind used in 
these tests. It will be seen in the discussion of Fig. 12 in Art. 22 that 
a curve of almost exactly the same form is found from a consideration of 
a group of tests on li/4-in. plain rounds in which the length of em- 
bedment varied. 

20. Effect of Size of Corrugaied Bars; Embedment Variable. — 
The group of tests on corrugated bars given in Table 7 may be con- 
sidered as forming a series parallel to the group of tests on plain rounds 
discussed in Art. 19; they were made from the same concrete. The 
specimens varied from a i/4-in- corrugated square bar embedded 3I/2 in. 
to a 1%-in. corrugated round bar embedded 24 in. As in the group of 
tests on plain rounds these dimensions were such as to give approxi- 
mately a constant ratio (about 48) of bond area to the cross-sectional 
area of the bars, corresponding to an embedment of about 16 short 
diameters of the bars (21.4 diameters in the case of li/g-in. corrugated 
round bars). The bond resistances for various amounts of end slip are 
plotted in Fig. 9. The values for %-in. bar embedded 41/2 in. have 
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Fig 9. Bond Resistance of Corrugated Bars ; Embedment Variable. 



TABLE 8. 
Effect of Size of Plain Round Bars; Embedment 8 in. 
Made from the same concrete as the tests in Table 7. 
Stresses are given in pounds per square inch. 



Size of 
Bar 


Length of 
Embedment 


Number 

of 

Testa 


days 


Bond Stress 
at End Slip of 


Maximum 
Bond 




inches 


diameters 


.0005 in. 


.001 in. 


Resistance 


Hin. 


8 


16.0 


4 


72 


323 


339 


381 


Hin. 


8 


12.8 


5* 


72 


266 


295 


405 


Jim. 


8 


10.7 


6t 


81 


275 


303 


387 


1 in. 


8 


8.0 


5 


64 


247 


281 


385 


IJiin. 


8 


6.4 


12t 


74 


269 


296 


397 



* The same tests as given in Table 7. 
4 Note the similarity between these values and those for i 
in Table 10. 

X The same tests as given in Table 0. 



!-in. embedment in Table 7; compare also teats 
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been omitted from the table and diagram after a slip of 0.001 in., 
since the data for some of the tests are not complete; the position of 
the two points in the figure indicate that the remaining points prob- 
ably would have occupied their proper places in the diagram. 

In general, slipping began at a bond unit-stress only a little greater 
than for the plain rounds. For end slips of 0.0005 and 0.001 in. the 
average bond stresses are 301 and 330 lb. per sq. in. for plain rounds 
and 311 and 336 lb. per sq. in. for the corrugated bars; at this stage of 
the tests the stresses developed by the plain rounds were about 97% 
of those given by the corrugated bars. The highest bond stresses reported 
(end slip of 0.1 in.) are not materially different for the bars of the sizes 
used in these tests, and average about 715 lb. per sq. in. The some- 
what lower values given by the 1%-in. corrugated round bars are prob- 
ably due to the design of this bar as compared with the square bars; 
the projections on this bar present a smaller area to take the bearing 
stress which replaces the bond resistance after the failure of the ad- 
hesion than the square bars of type B which were used in the other 
tests in this group. 

21. Effect of Size of Plain Round Bar; Embedment 8 in. — In this 
group of tests the diameter of the concrete cylinders was 8 in. and the 
length of embedment 8 in., while the diameters of the plain round 
bars used varied from % to IV^ in. The results are summarized in 
Table 8. The load-slip curves are plotted in the lower portion of Fig. 7. 
The loads for various amounts of slip of the free ends of the different 
bars have been plotted in Fig. 10. The broken lines drawn in Fig. 10 
show the trend of the values for the different amounts of slip and for 
the maximum loads. The values for end slip of 0.0005 in. may be 
taken as the beginning of slip. It is seen that in the earlier stages of 
the tests, the smaller bars develop the higher bond stresses; the load at 
beginning of slip of the free end of the bars varies from 333 lb. per sq. 
in. for the i^-in. rounds to about 253 lb. per sq. in. for the 1 and 
ly^-m. bars. The maximum bond resistance is nearly constant and 
averages 391 lb. per sq. in. 

22. Effect of Length of Embedment; ly^-in. Plain Bounds. — In 
this group of tests the length of embedment varied from 4 to 24 in., 
corresponding to 3.2 to 19.2 diameters. One and one-fourth-inch bars were 
used in order to secure a wide range of embedded lengths without' 
overstressing any of the bars. A summary of the tests is given in 
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Table 9. The load-slip curves have been plotted in Fig. 11. The 
bond stresses corresponding to various amounts of end slip up to and 
including the maximum load are shown for the different lengths of 
embedment in the upper portion of Fig. 13. In the lower part of the 
figure the maximum resistance and the stresses after the maximum 
for slips of 0.03 in., 0.05 in. and 0.10 in. are plotted. 

The load-slip curve for 4-in. embedment drops off sharply after 
the maximum load, as a result of the splitting of some of the concrete 
blocks. Fig. 13 shows that the average bond stress corresponding to 
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Fig 10. Bond Resistance of Plain Round Bars oi' Different Size ; 
Embedment 8 in. 

beginning of slip at the free end of the bar varies but little with 
increased embedment. At a slip of about 0.001 in. the average bond 
stress is nearly the same for all lengths of embedment included in these 
tests and amounts to about 300 lb. per sq. in. It is evident that 
when a slip of 0.001 in. has occurred at the free end of the bar, slip- 
ping has become general throughout the length of the bar, but it will 
be seen from a consideration of the conditions present and from the 
load-slip curves that the amount of slip represents quite different 
stages of the test in the specimens of different lengths of embedment. 
For the 4 or 6-in. embedment the difference between the amount of 
slip at the two ends of the block for any given load is not great, and 
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TABLE 9. 
Effect of Length of Embedment. 



1-2-4 concrete from Batches 10, 17, 24, 27 and 30. 

Diameter of concrete cylinder S in. in all tests. 

These specimens were made from the same concrete as the specimens with deformed 
bars in Table 14. 

The average compressive strength of 24 6-in. cubes from same concrete tested at 
about 60 days was 1760 lb. per sq. in. 

Stresses are given in pounds per square inch. 



Length of Embedment 


Number 

of 

Tests 


Age at 
Test 
days 


Bond Stress at 
End Slip of 


Maximum 




diameters 


Bond 
Resistance 


inches 


.0005 in. .001 in. 



IJ^-in. Plain Rounds. 



IJ^-in. Corrugated Rounds*". 



* Includes five tests made with the group ia Table 8 and two testa from Batch 37. 

* Includes five tests made with the group in Table 7. 

* Blocks were reinforced against bursting by means of a )i-in. spiral. 
t Bond stress corresponding to end slip of 0.1 in. 



i 


3.2 


5 


74 


265 


314 


375 


6 


4.8 


5 


74 


243 


391 


420 


8 


6.4 


12' 


74 


269 


296 


397 


12 


9.6 


5 


75 


284 


312 


390 


16 


12.8 


9* 


75 


275 


298 


359 


24 


19.2 


5 


76 


278 


300 


328 



4 


3.6 


5 


74 


228 


272 


830t 


8 


7.1 


5 


86 


250 


286 


775t 


16 


14.2 


5 


76 


281 


306 


846t 


24 


21.4 


9+ 


77 


268 


301 


688t 
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we may expect that the load-slip relations given by these specimens 
(barring the premature splitting of the 4-in. blocks) are not much 
different from those for a unit of area at any point along the em- 
bedded length of the bar, while for the 24-in. embedment the load- 
slip relation at the free end of the block must be quite different from 
that at the other end. 

If the straight lines which represent the general trend of the 
values of bond resistance for the amounts of slip shown in Pig. 12, 
be extended to the left to intersect the vertical axis of coordinates. 
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Fig. 11. Load-slip Curves for 1^-in. Plain Round Bars ; Embedment 

Variable. 

the points of intersection may be said to represent the bond resistance 
per unit of area for a very short length of the embedded portion of 
the bar. These points have been plotted as shown by the dotted curve 
in Fig. 11. The load-slip curve which they form differs from the 
others in the same group in that slip begins at a somewhat lower 
proportional load and the bond resistance reaches a higher maximum 
value than indicated by the other curves, and the curve drops off a 
little more rapidly after the maximum. This curve may be said to 
represent the conditions for an infinitesimal embedment of a bar of 
this kind, and indicates what happens at each point along the em- 
bedded length of a bar during the progress of the pull-out tests in 
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Fig. 12. Bond Resistance of 1J4-in. Plain Round Bars; Embedment 

Variable. 
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the same way as indicated in Art. 19 for another group of tests. The 
values derived in this way are as dependable as those given for other 
lengths of embedment, since they are based on the mean stresses 
from the entire group of tests. Data from these tests were used in 
plotting the solid curve in Fig. 5. The points in Fig. 5 for the plain 
round bars were derived from these tests and from the tests dis- 
cussed in Art. 19. Only one curve has been drawn for the plain bars, 
although the values from the two series of tests are indicated by 
distinctive symbols. The similarity of the values obtained in this way 
is noteworthy, when we consider that these specimens were made from 
bars of different size and from different batches of concrete. The uni- 
formity of these values gives considerable confidence in the tests and 
in the conclusions based on them. These values are significant in 
arriving at a proper conception of bond action for bars of this kind. 
The maximum bond stress decreased as the length of embedment 
increased and varied quite uniformly from 410 lb. per sq. in. for 6 
in. embedment to 320 lb. per sq. in. for 24 in. embedment. The 
lines in the lower division of Fig. 12 converge at a point about 290 lb. 
per sq. in. bond stress and 30 in. embedment. This indicates that 
with a longer embedment than 34 diameters the maximum average 
bond resistance would be less than that which gives first slip with 
shorter embedments. When a slip of 0.1 in. is reached^ approximate 
equality of bond stress for all lengths of embedment is again found 
at about 235 lb. per sq. in. 

23. Effect of Length of Embedment; 1%-ot. Corrugated Rounds; 
Blochs Reinforced against Bursting. — The tests with corrugated bars 
embedded in reinforced blocks summarized in Table 9, may be con- 
sidered as parallel to the group of tests on plain rounds made from the 
same concrete and included in the same table. In this group the 
concrete cylinders were all 8 in. in diameter, but the length of em- 
bedment varied from 4 to 24 in. The concrete blocks were reinforced 
against bursting by means of a i/4-in. wire in the form of a spiral as 
shown in Fig. 1 (b). The load-slip curves are given for the four 
lengths of embedment in Fig. 13. Each curve is, the composite of all 
the tests in a set. According to the practice in all tests on deformed 
bars described in this bulletin, the highest bond stress which has been 
reported was that developed at an end slip of 0.1 in., although 
in most of the tests the load continued to rise bayond that point. In 
Fig. 14 the bond stress corresponding to various amounts of end 
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slip of the bar have been plotted against the length of embedment. 
The general direction of each of the zig-zag lines is indicated by the 
short dotted lines at the left margin of the figure. The points of 
intersection of these lines with the vertical axis of co-ordinates may 
be taken to represent the action of a similar bar of infinitesimal em- 
bedment, based on the general trend of the values from these tests. The 
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Load-slip Curves for 1%-in. Corrugated Round Bars; 
Embedment Variable. 



load-slip curve corresponding to these points is shown by the dotted 
line in Fig. 13. As may be expected, it follows closely the curve for 
the 4-in. embedded length. 

If the lines in Fig. 14 are projected to the right it will be found 
that they intersect at approximately the same point. The interpreta- 
tion of this feature of the tests is probably the same as that suggested 
in the preceding article for plain round bars. For an embedment of 
more than 56 in. (50 diameters) the excessive deformation developed 



44 



ILLINOIS ENGINEERING EXPERIMENT STATION 



in the concrete and steel would so modify the distribution of bond 
stresses that an average stress greater than, say, 320 lb. per sq. in. 
could not be developed in a pull-out test with a bar of this kind. 

In these tests slip began at a lower unit stress and the maximum 
stress was higher in the specimens of short embedment than in those 
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Fig. 14. Bond Resistance of IJ^-in. Corrugated Round Bars ; Embedment 

Variable. 

of longer embedment. The bond stress at a slip of about 0.003 in. was 
about the same (320 lb. per sq. in.) for all lengths of embedment in- 
cluded in the tests. 

There is a striking similarity between the bond stresses found for 
the beginning of slip of the 1%-in. corrugated round bars and those 
for the 114-in. plain rounds in the preceding article. Up to a slip 
of about 0.002 in. the plain rounds give slightly higher values at each 
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stage of the tests. It is notable also that the line of equal bond stresses 
for all lengths of embedment for each of these groups came at a bond 
stress of about 300 lb. per sq. in. and at approximately the same amount 
of slip. 

The load-slip curve for the 1%-in. corrugated rounds correspond- 
ing to an infinitesimal embedment has been plotted in Pig. 5. The 
interpretation of this curve is much the same as given above for 
the curve obtained in a similar manner for plain bars and included 
in the same figure. A comparison of the values for an infinitesimal 
embedment for this group of tests on 1%-in. corrugated rounds, 
with the similar curve from the two groups of plain bars discussed in 
Art. 19 and 33, is of interest. The plain rounds gave higher bond 
resistance than the corrugated bars for all amounts of end slip up 
to that corresponding to nearly the maximum resistance of the plain 
bars; after this point the corrugated bar steadily gained in bond re- 
sistance while the bond resistance of the plain bar decreased in the 
typical manner, after passing a slip of 0.01 in. 

Pull-out tests with corrugated bars embedded in concrete blocks 
without spiral reinforcement are discussed in Art. 64. 

34. Effect of Variation in Diameter of the Concrete Block. — 
Table 10 summarizes a group of pull-out tests using %-in. plain 
round bars in which the diameters of the concrete cylinders varied 
from 3 to 13 in. The embedment was 8 in. for all tests except the 
specimens with 8-in. cylinders which were embedded 9^/^ in. The 
load-slip curves for these tests are plotted in Pig. 15. In Pig. 16 the 
values of bond unit-stress for various amounts of slip and for maxi- 
mum loads have been plotted. The values for the 3-in. cylinders do not 
show the usual increase of bond resistance after beginning of end slip. 
This is probably due to the high compressive stress developed in the con- 
crete; at the maximum load this stress was about 930 lb. per. sq. in. 
In the 3-in. cylinders slip began at approximately 78% of the maxi- 
mum load. If we disregard the 3-in. cylinder tests, the bond stresses 
showed a. decided falling-ofE for all amounts of slip as the diameter 
of the cylinder increased. The maximum loads varied quite uniformly 
from 430 lb. per sq. in. for the 4 and 6-in. cylinders to 358 lb. per sq. 
in. for the 13-in. cylinders. The values for the 13-in. cylinders were 
about 84% of the average values for the corresponding amount of slip 
in the 4 and 6-in. cylinders. The difference may be due to variation in 
relative shrinkage in longitudinal and radial directions. 
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TABLE 10. 
Effect of Variation in Diameter of Concrete Block. 

All bars ^-in. plain rounds. 

Made from same batches as tests in Table 7. 

Stresses are given in pounds per square inch. 



Diuneter of 
Concrete 
Cylinder 


Length of 

Embedmut 

iaehei 


Nunberol 
Teito 


days 


Bond Stress at End 
SKpof 


Muimum 

Bond 
Resistance 


inches 


.0005 in. 


.001 in. 


3 
4 
6 
8 
12 


8 
8 
8' 

8 


6 
5 
S 
5 
5 


71 
71 
71 
70 
72 


253 
283 
297 
287 
245 


288 
319 
333 
311 
272 


326 

413 

426* 

386° 

358 



* Compare the specimens with ^-in. bars in Table 8. 

* The same tests are given in Table 7. 
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6. Effect of Shape of Section and Condition of Surface of Bar. 

25. Bond Resistance with Rusted Bars. — Fig. 17 gives the load- 
slip curves for the specimens in Table 11 which have ordinary mill 
surfaces and rusted surfaces. For the bars having ordinary mill sur- 
faces, end slip began at 2G7 lb. per sq. in.; the maximum bond re- 
sistance was 380 lb. per sq. in. and corresponded to an end slip of 0.01 
in. The rusted bars had a heavy coat of firm rust caused by allowing 
them to remain below the surface in a pile of damp sand for five weeks 
previous to making the specimens. The tests on rusted bars gave a 
bond resistance higher than that developed with bars having ordinary 
mill surfaces. End slip began at 302 lb. per sq. in.; 13% higher than 
for round bars with ordinary mill surfaces'. The maximum bond 
resistance of the rusted bars was 440 lb. per sq. in.; 16% higher than 
for ordinary rounds. The load-slip curve shows the maximum bond 
resistance to come at a somewhat greater slip than in the round bars 
of ordinary surface; this result is a natural consequence of the rougher 
surface, which is responsible also for the higher bond resistance devel- 
oped by the rusted bars. 
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TABLE 11. 

Effect of Shape of Section and Condition of Subpace of Bar. 

Embedment 8 in. 

1-2-4 hand-mixed concrete from Batohea 10, 11, 17, 22, 24, 25, 27, 30, 31 and 36. 
The average compressive strength of 42 6-in. cubes made from 10 different batches 
of concrete, tested at about 60 days, was 1850 lb. per sq. in. 
All stresses are given in pounds per square inch. 



Size and Kind of Bar 



Number 

of 

Teats 



Age at 
Test 
days 



Bond Stress at 
End Slip of 



.0005 in. 



Maximum 

Bond 
Resistance 



Plain Round Bars. 



1-in., ordinary mill surface. . 
1-in., rusted 



267 
302 



331 



Flat Bars. 



lxJ4-in. . 
2x}i-in. . 



359 



395 
263 



459 
293 



T-Bars. 



IxlxH-in. (area 0.27 sq. in.) 

1 J^xlMx A-in. (area 0.48 sq. in.) . 
2x2xK-in. (area 1.07 sq. in.) 



64 
71 
64 



282 
227 
202 



295 
282 
221 



310 
305 
242 



Polished Roimd Bars. 



1-in., polished 

5i-in. tool steel, polished 

^-in. tool steel, ordinary surface . 



149 
137 
170 



152 
160 
255 



Bars of Wedging Taper* Polished 1-in. Rounds. 



Tapered 0.025 in. per ft . 
Tapered 0.07 in. pertt. 
Tapered 0.10 in. per ft. 
Tapered 0.20 in. per ft.. 

Average 



171 
162 
173 
163 



167 



250t 
482t 
647 1 
633 1 



Bars of Non- Wedging Taper. Polished 1-in. Rounds. 



Tapered 0.025 in. per ft . 


6 
5 
5 
5 


69 
69 
69 
69 


164 
201 
204 
150 




170 
222 
210 
155 


Tapered 0.07 in. per ft 


Tapered 0.20 in. per ft 




Average 


69 


180 


189 









• The concrete blocka were reinforced against splitting by means of a Ji-in. wire in the form of a spiral See 
Fig. 18 for sketch of specimen. 

t Corresponding to an end slip of 0.1 in. 
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26. Bond Resistance with Flat Bars. — The flat bars presented 
about the same character of surface as the plain rounds. Through 
an error in making the test pieces, 6 specimens were made with 1 by 
i^-in. bars and 4 with 3 by 14-in. bars. Direct comparison of the 
results of the tests is not as convincing as it might have been with 
an equal number of specimens of each size. The load-slip curves are 
plotted in Fig. 17. The 1 by i-o-in- bars show a higher bond resist- 
ance and the 2 by %-in. bars a lower bond resistance than the corres- 
ponding plain rounds. 
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Fig. 17. Load-slip Curves for Plain Round, Flat and T-Bars. 



37. Bond Resistance with T-bars. — Pull-out tests were made on 
three sizes of T-bars, 1, 1^4: and 3-in., as shown in Table 11. The 
bond-slip curves in Fig. 17 show that the bond resistance for the T-bars 
reaches a maximum at a smaller amount of slip than for the rounds or 
flats; this is especially true of the larger sizes. The curves for the 
li^-in- and 2-ia.. T-bars drop off more sharply than usual immediately 
after the maximum. The smaller T-bars develop higher bond stresses 
than the larger ones, but all the values fall below those for the plain 
rounds. On the other hand the bond resistance per lineal inch of bar 
is twice as high for the 2-in. T-bars as for the 1-in. plain rounds, and 
the bond resistance per lineal inch for the 1-in. T-bar is about the same 
as for the 1-in. round. 
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28. Bond Resistance with Polished Round Bars. — A comparisoH 
of the bond resistance with polished bars and that with plain bars of 
the ordinary mill rolling may be expected to show how much of the 
bond is due to adhesive resistance and how much is due to what has 
been termed sliding resistance, resulting from irregularities of the 
surface of ordinary mill &teel, and to inequalities in the section or align- 
ment of the bars usually furnished for reinforced concrete construction. 
In other words, to what degree does the plain bar partake of the nature 
of a deformed bar? Two sets of tests were made on polished round 
bars; see Table 11. The 1-in. polished bars were round cold-rolled 
steel; they were polished by turning rapidly in a lathe and applying 
fine emery cloth. The %-in. tool steel was used as it came from the 
rolls; these bars had the smooth surface and uniform diameter which 
are usually found in bars of this kind. 

It was characteristic of the tests of specimens with polished bars 
that as soon as an end slip amounting to between 0.0005 and 0.001 in. 
was developed, the adhesion was suddenly destroyed and the bar pulled 
out so rapidly that it was generally impossible to weigh the decreasing 
load on the testing machine. However, readings were obtained in one 
test, and the load-slip relation has been plotted in the lowest curve of 
Fig. 18. This curve differs from those of plain round bars in that the 
maximum load comes at the very beginning of slip and the curve drops 
off quite rapidly as soon as slip becomes appreciable. 

The mean values of bond resistance from five tests each on % and 
1-in. polished bars are 143 lb. per sq. in. at slip of 0.0005 in. and 156 
lb. per sq. in. at the maximum. The corresponding values for the 1-in. 
bars of ordinary surface are 367 and 380 lb. per sq. in. If special 
weight is given to the bond stresses developed for a small amount of 
slip, it may be said that the adhesive resistance of clean steel to concrete 
of this quality is about 150 lb. per sq. in., which amounts to about 55% 
of the bond resistance of bars of ordinary mill surface at a small amount 
of slip. 

The results of the pull-out tests with tool steel bars having the 
original surface take a mean position between the values for the polished 
bars and ordinary plain round bars. Tests reported in Bulletin No. 1 
(also in Table 35, Bulletin Ko. 8), University of Illinois Engineering 
Experiment Station, gave 136 and 147 lb. per sq. in. as the maximum 
bond resistance of 1-in. cold rolled bars, and %-in. round tool steel 
bars, respectively, embedded 6 in. in 1-3-6 concrete, and tested at 60 
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days. The pull-out tests on specimens with cold rolled round bars in 
which the concrete set under pressures of 100 lb. per sq. in. gave values 
about 10% higher than those in concrete setting without pressure (see 
Table 22.) The tests on the effect of loads reapplied after failure of 
bond on specimens in which smooth bars were used are discussed in 
Art. 60. Double pull-out specimens with cold rolled rounds are dis- 
cussed in Art. 61. 

29. Tests with Tapered Bars. — The tests on tapered bars were 
designed to throw light on the nature of bond resistance. Tapered bars 
of two distinct types were used. These types will be referred to as bars 
with wedging taper and bars with non-wedging taper. The form of the 
wedging-taper bar is shown in Fig. 18. Four difEerent degrees of taper 
were used for each type. The taper varied from 0.025 to 0.2 in. per foot 
for each of the two forms'. These bars were polished after machining 
so as to reduce them to a surface condition as nearly uniform as pos- 
sible. The specimens with bars with wedging taper were reinforced 
against bursting by means of 6 or 7 turns of %-in. wire in the form of 
a spiral. 

The results of the tests are given in Table 11. The bars with non- 
wedging _ taper developed an end slip of less than 0.001 in. and an 
average maximum bond resistance of 189 lb. per sq. in. before the 
adhesion was destroyed. Almost immediately the bond resistance fell 
to nothing. In only a few of the tests did the bar slip as much as 0.001 
in. before the maximum resistance was reached. There was no apparent 
difference in the amount of slip developed before failure in the bars of 
the different degrees of taper, and there was no systematic relation 
between bond resistance and amount of taper. These bars gave approx- 
imately the same maximum bond resistance as the straight polished bars. 

The tfists on barS with wedging taper gave average loads for alJ 
the tests at the beginning of slip nearly the same as the average for 
the bars with non-wedging taper for the same amount of slip. The 
phenomena of these tests were quite different from those of other forms 
of polished bars or bars with mill surface, and exhibited some unusual 
features. The uniformity of the loads at first end slip is noteworthy. 
The load-slip curves for the bars with wedging taper are given in Fig. 
18. Each curve is a composite of all the tests in a set. For comparison 
the load-slip curves for a single test on a straight polished bar and for 
the set of plain rounds with mill surface have been plotted on the same 
diagram. 
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It should be noted that the concrete blocks in this group of tests 
were reinforced against bursting and this allowed very high bond stresses 
to be developed. Up to the time that slip began, the bond stress de- 
veloped was much the same as in the tests with the cylindrical polished 
bars; and it was not materially different from that found in the tests 
with the bars with non- wedging taper. In all the tests except those 
with a taper of 0.2 in. per ft., after a slip of about O.OOo in., corre- 
sponding to a bond stress of about 205 lb. per sq. in., the load dropped 
off as the bar was being withdrawn. With continued slip (the amount 




Fig. 18. Bond Resistance with Polished Bars of Wedging Taper. 

depending on the degree of taper), the load finally began to rise. Dur- 
ing the first stage of the test it appears that the load was carried prin- 
cipally by adhesive resistance. After the breaking of the adhesion the 
load on the bar was taken by (a) frictional resistance developed by the 
compression and (b) the longitudinal component of the compression. 
The latter was small except with the largest tapers. That the break in 
the curves is a result of failure in adhesion is shown by the similarity 
of the stresses up to a slip of about 0.005 in., and by the fact that this 
bond stress is only a little higher than that found in the tests of pol- 
ished straight bars and polished bars with non-wedging tapers.. These 
load-slip curves indicate that after adhesion was destroyed the bar 
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slipped an amount which gave only a very small increase in diameter 
of section — less than 0.0005 in. — ^before the bond resistance again reached 
the maximum amount taken before adhesion was destroyed. As slip 
continued, the amount of increase in diameter at a given section of the 
concrete block, which corresponds to an additional bond resistance of 
100 lb. per sq. in., was about 0.0005 in., being nearly the same for the 
several tapers. This change of diameter accompanied the compressive 
stress set up in the concrete. If the coefficient of friction between con- 
crete and steel be taken at 0.35, the calculated normal compressive unit- 
stress between the concrete and steel will range from two to four times 
the bond unit-stress; the former iigure being for the largest taper. It 
will be noted that for the larger tapers at the higher loads the load-slip 
curves change character and round off toward uniform bond resistance. 
It seems evident that this condition is due to the very high normal 
compressive stresses in the concrete. 

The most notable feature of these tests is the sharp line of demarka- 
tion between the effect of adhesion and the effect of wedging action. 
The similarity of the behavior of the bars with wedging taper and the 
twisted square bars is discussed in Art. 41. 

c. Effect of Condition of Storage. 

30. Preliminary. — It is a not uncommon belief that the permanency 
of submerged concrete work reinforced with plain bars may be seriously 

\ impaired by the ultimate failure of the bond between the concrete and 
Steel. With a view to obtaining information on the effect of a variety 
of conditions of storage the tests summarized in Table 13 were made. 
The tests were generally made at age of about 60 days. In two of the 
groups the age at test varied from 7 days to about 3 years. All speci- 
mens, except those placed out-doors, were stored in the Hydraulic 
Laboratory. Thus the air-stored specimens were in a warm, damp 
atmosphere. The water-stored specimens were generally tested about 1 
to 6 hours after removal from the water. Table 13 also contains the 
results of the compression tests of 6-in. cubes which were stored under 
the same conditions as the corresponding pull-out specimens. 

31. Batches S and i. — From batches- 3 and 4 two nearly parallel 
groups of tests were made using different cements. Five specimens 
were made for each condition of storage and all tests were made at 
about 60 days. These specimens were made on January 13 and 13. 
Twenty-four hours after making, the forms were removed and the speci- 
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TABLE 12. 

Effect of Condition op Storage. 

1-2-4 hand-mixed concrete. Embedment 8 in. 
Specimens were Btored indoors unless otherwise noted. 
Stresses are given in pounds per square inch. 



Size of 

Round 

Bar 

inches 



Age 


Number 


at Test 


of 


days 


Tests 



Storage 



Bond Stress 
at End 
Slip of 



0.0005 
inches 



0.001 

inches 



Maxi- 
mum 
Bond 
Resist- 
ance 



Compres- 
sive 
Strength 
of6-iD. 
Cubes, 
Average 
of 3 
Teats 



Batch 3, Universal Cement. 



H 



62 



Damp sand 

Air in laboratory . . . 
Water in laboratory. 

Water outdoors 

Outdoors in air 



656 


620 


702 


313 


375 


498 


493 


562 


670 


413 


421 


523 


354 


389 


454 



2898 
1937 



2558 
2022 



Batch 4*, Chicago AA Cement. 



'A 
% 
M 
H 
H 



61 


5 


60 


5 


62 


5 


61 


6 


62 


6 


62 


6 



Damp sand 

Ail in laboratory 

Water in laboratory 

Water outdoors 

Outdoors in air 

Made outdoors in freezing weather 



387 


421 


638 


246 


278 


398 


359 


405 


522 


415 


447 


639 


335 


366 


489 


64 


67 


80 



1913 
1295 
1993 
1677 
1642 



Batch 35, Universal Cement. 





7 


3 




7 


3 




41 


3 




41 


3 




41 


3 




60 


3 




60 


3 




60 


3 




14 mo. 


3 




14 mo. 


3 




26 mo. 


8 




26 mo. 


3 



Air 

Water 

Air 

Water 

Damp sand. 

Air 

Water 

Damp sand. 

Air 

Water 

Air 

Water 



200 
239 


224 
273 


301 
392 




283 
465 
429 


314 
514 
482 


491 
607 
606 




221 
415 
475 


264 
492 
485 


416 
601 
601 


3 


332 
635 


389 
731 


662 

817 




445 
624 


513 

772 


668 
950 





3040 



* It should be noted that Batch 4 was a much leaner mix than Batch 3; the percentages of cement by 
weight are 12.7 and 15.4, respectively. The tests in Table 1 show that these two cements were of about equal 
strength. 
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TABLE 12— Continued. 

Effect of Condition of Storage. 

1-2-4 hand-mixed concrete. Embedment 8 in. 
Specimens were stored indoors unless otherwise noted. 
Stresses are'given in pounds per square inch. 



Size of 1 

Round 

Bar 


at Test • 
days 


Number 

of 

Tests 


Storage 


Bond Stress 
at End 
Slip of 


Maxi- 
mum 
Bond 
Resis- 
tance 


Compres- 
sive 
Strength 
of 6-in. 
Cubes 


inchefi 


0.0009 
inches 


0.001 
inches 


Average 
of 3 
Tests 



Batch 41, Universal Cement. 







2 
2 
5 




31 
31 
31 
31 


2 
2 
2 
5 




60 
60 
60 
60 


2 
2 
2 
5 




14 mo. 
14 mo. 
14 mo. 


2 
2 
5 




26 mo. 
26 mo. 


2 
2 


1 


37 mo. 


4 



Air 

Water 

Water 4 days; air 3 days . . . 

Damp sand 

Air 

Water 

Water 14 days; air 17 days . 

Damp sand 

Air 

Water 

Water 30 days; air 30 days . 

Damp sand 

Air 

Water 3 mo.; air 11 mo ... . 



Air.... 
Water . 

Water . 



243 


279 


381 


281 


343 


450 


253 


285 


380 


456 


528 


694 


309 


426 


632 


383 


437 


640 


417 


465 


562 


395 


440 


608 


381 


439 


586 


506 


600 


732 


532 


598 


691 


821 


967 


1060 


676 


668 


806 


669 


739 


848 


531 


656 


815 


676 


836 


984 


750 


780 


936 



2550 
2190 
2203 
2484 

2560 
2650 
2420 
3160 



Batch 39 1, Universal Cement. 



iH 

H 
iJi 

H 
H 
'A 

m 

'A 



61 




61 




61 




61 




61 




61 




61 




61 




70 




70 




79 




79 





Water 50 days; air 11 days . 
Water 50 days; air 11 days . 

Water 55 days; air 6 days . 
Water 55 days; air 6 days . 

Water 58 days; air 3 days . 
Water 58 days; air 3 days . 

Water 61 days 

Water 61 days 



Water 60 days: air 10 days . 
Water ,60 days; air 10 days . 

Water 60 days; air 19 days. . 
Watei 60 days; air 19 days . 



495 
430 

476 
431 

504 
437 

387 
318 

586 
392 

561 
460 



532 
477 

517 
483 

554 
498 

559 
449 

648 
451 

673 
536 



671 
634 

641 
672 

709 
621 

658 
471 

789 
694 

766 
619 



2360 
2560 
3007 



2713 



t The compressive strenj^th of 6-in. cubes from Batch 39 which were stored in damp sand and tested at abou 
60 days was 2190 lb. per sq. in. 
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mens stored as indicated in the table. The specimens stored out-doors 
in air were placed near the north wall of the building, where they were 
exposed to the weather during the greater part of an unusually severe 
winter. The specimens marked "made outdoors in freezing weather" 
were made at about noon with the thermometer at 15° P. The concrete 
was mixed indoors and carried to the forms in buckets. The specimens 
were left outdoors till the time of test. The concrete probably froze 
and thawed several times before finally hardening. When the specimens 
were broken up after testing, evidence of freezing could be seen in 
innumerable fossil-like crystal forms which were distributed throughout 
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Fig. 19. Load-slip Curves for Different Conditions of Storage. 

the concrete. Pig. 19 shows the load-slip curves for the tests from 
Batch 4 ; each curve is a composite of the curves for the five tests in a set. 
An examination of the values for maximum bond resistance given 
in the table shows that for both groups the damp sand storage gave the 
highest resistance, with water storage a close second. For the cube tests, 
these relations are reversed. There is little difference between the values 
for water storage indoors and outdoors — an average of 11% in favor 
of the indoor storage. In the ease of air storage the outdoor specimens 
(average of batches 3 and 4) were 5% stronger than those stored in- 
doors. The average of all water-stored specimens is 23% greater than 
for the corresponding air-stored specimens. For the cube tests the 
values are in the same order; the corresponding percentages are 81, 14 
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and 42, respectively. The similarity of the results for indoor and out- 
door storage is surprising when the difference in temperatures is con- 
sidered. The mean outdoor temperature during the season of storage 
was 31° F., while the temperature indoors probably seldom fell below 
70° P. It seems probable that the loss of water due to evaporation 
from the specimens indoors in air had more effect in reducing the con- 
crete strength than the low temperature outdoors. The excess of 11% 
for the water-stored specimens indoors over those stored in water out- 
doors may be considered to represent the difference in strength due to 
the higher indoor temperature. 

The specimens made outdoors in freezing weather were almost de- 
void of bond strength. The cubes for this set were accidentally destroyed 
before the time of test. 

The curves in Fig. 19 show considerable similarity in the bond- 
slip relations of the specimens stored differently. This similarity is 
maintained until the tests were discontinued at a slip of 0.1 in. 

32. Batch 35. — In this group a comparison of sand, water and air 
storage was made for ages varying from 7 days to 26 months. The 
maximum bond resistances for the different ages for the air-stored and 
water-stored specimens are plotted in Fig. 30. The values for damp 
sand and water storage are nearly identical for both ages at which tests 
were made — ^41 and 60 days. The bond resistance for water storage is 
greater than for air storage for all ages at which tests were made; the 
maximum bond resistance for the water-stored specimens is greater by 
30% and 23% at 7 and 41 days, and 77% and 42% at 14 mo. and 
26 mo. The 60-day tests show an increase over the 7-day tests of 38% 
for the air-stored and 53% for the water-stored specimens. The 26-mo. 
tests show an increase over the 60-day tests of 50% for air storage and 
64% for water storage. The specimens tested at 60 days show a slightly 
lower bond resistance than the specimens tested at 41 days; this, how- 
ever, is probably an accidental variation. 

The bond resistance at beginning of end slip shows about the same 
relation as at the maximum loads. The high bond resistance developed 
in the older specimens is noteworthy. For the water-stored specimens 
tested at 26 mo. the bond stress at beginning of slip of the free end of 
the bar was 624 lb. per sq. in., and the maximum bond resistance was 
950 lb. per sq. in. The bond stresses developed by the specimens from 
Batch 35 are somewhat lower than those from Batchy for the same age 



58 



ILLINOIS ENGINEERING EXPERIMENT STATION 



and storage, although the 6-iii. cube tests indicate that the concrete was 
of about the same quality. 

33. Batch Ji-l. — The tests from Batch 41 were in part duplicates 
of those in Batch 35. Pour sets of specimens were placed in water 
during the first half of their storage period and in air for the remainder 
of the time. In this group the water-stored specimens gave a higher 
bond resistance at all stages of the tests than the air-stored. At 31 
days the sand-stored specimens were stronger than the water-stored, 
while at 60 days the reverse was true. The highest values for bond on 
plain bars from the tests reported in this bulletin were found in the 
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tests of the sand-stored specimens in this series, which were tested at 
14 mo.; the maximum bond stress of 1060 lb. per sq. in. from these 
tests corresponds to a steel stress of 31 400 lb. per sq. in. in the 1-in. 
bar which was embedded only 8 in. 

The specimens' stored 4 days in water and 3 in air gave about the 
same values as those stored in air for 7 days. Those stored 14 days in 
water and 1? days in air gave a somewhat lower maximum bond resist- 
ance than those stored 31 days in air. The specimens stored 30 days in 
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water and 30 days in air gave values between the water and air stored 
specimens tested at 60 days. The specimens stored 3 mo. in water and 
11 mo. in air gave values between the sand-stored and the air-stored 
specimens tested at 14 mo. In general these tests show a progressive 
increase of bond strength with age for all conditions of storage. The 
values at the older ages for all conditions of storage are high. 

34. Batch 39. — In order to study the effect of storing specimens 
for a period in water followed by varying periods of air storage tests 
were made as given under Batch 39 in Table 12. The specimens stored 
in water 61 days were tested immediately upon removal from the water 
and were thoroughly wet when the load was applied. These tests indicate 
that the drying-out of the water-stored specimens before testing has an 
infiuenee in increasing the bond resistance, although the evidence is not 
entirely conclusive. 

35. Discussion of Effect of Storage. — The tests in Table 13 show 
about the same bond resistance for damp-sand storage as for water 
storage for ages up to 60 days; and the high stresses developed by the 
specimens in Batch 41 stored in damp sand for 14 mo. indicate that 
this relation may be expected to hold indefinitely unless affected by 
other agencies. The water-stored specimens gave from 10% to 45% 
higher bond resistance than the corresponding air-stored specimens, an 
average of 26% for 13 parallel sets of tests, based on the maximum bond 
stresses given iii Table 12. This difference seems to increase with age; 
three parallel sets of tests made after 1 year show an average increase 
in bond resistance of 37% in favor of the water-stored concrete. The 
compression tests on 6-in. cubes show an average excess of strength of 
25% for the water-stored specimens over the air-stored specimens. Since 

. sufficient water was used in mixing the concrete, it is probable that 
evaporation of water from the concrete was the cause of the lower bond 
resistance in the air-stored specimens. 

The presence of water not only does not injure the bond between 
the concrete and steel for ages up to 3 years, but it is an important 
factor in producing conditions which result in high bond resistance. 
Conditions of stress in concrete under load may modify these results, 
but it seems likely that the relative bond resistances in service will not 
be materially different from those found in the above tests with concrete 
of the same quality and with similar exposure. 
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d. Bond Tests with Deformed Bars. 

36. Preliminary. — The term "deformed bar" is applied to a form 
of bar with projections on the surface or other frequent irregularities 
of section and designed and rolled specially for concrete reinforcement. 
These irregularities of section or projections are expected to increase 
the bond resistance of the bar. Some hundreds of patents have been 
issued on bars of this kind^ but only a few forms have been used to 
any extent. Present building codes and engineering specifications gen- 
erally permit the use of higher bond stresses in the design of structures 
in which deformed bars are to be used than are permitted in the case 
of plain bars. 

In the 1909 series, pull-out tests were made with seven commercial 
types of deformed bars', which number included most of the types of 
deformed bar in use at the time the tests were begun. Fig. 21 shows 
the forms of the bars used, and Table 13 gives the characteristics of 
these bars. For comparison, tests on specimens with plain round, 
twisted square, and threaded round bars were included. The size of 
the bars varied from ^2 to 1% in. The concrete cylinders were 8 in. 
in diameter with 8-in. embedment. The concrete was 1-3-4, hand-mixed. 
All specimens were stored in damp sand and tested at the age of about 
2 months. In general, the tests were made in sets of five, one specimen 
of each kind having been made from each of five batches of concrete. 
A period of about 2 months elapsed between the making of the first and 
the last specimens. In all the specimens except those with plain round 
bars the concrete cylinders' were reinforced against splitting by means of 
a wire spiral, since the load-slip relation was desired rather than values 
for ultimate strength. A summary of the average values from the tests 
is given in Table 14. The load-slip curves are plotted in Fig. 23 and 24. 

Deformed bars were used in several other groups of pull-out tests 
which are not included in the present discussion. Tests with deformed 
bars in which the concrete blocks were not reinforced against splitting 
are discussed in Art. 64. 

37. Phenomena of Pull-out Tests with Deformed Bars. — In the 
discussion of bond on plain bars it was seen that the adhesion Between 
the concrete and steel was broken by a very small movement of the bar 
and as movement continued the bond was gradually taken by sliding 
resistance, which resulted from inequalities of the surface of the bar and 
from irregularities of its section and alignment. The projections on a 
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deformed bar give an exaggerated case of inequality of surface and 
irregularity of section. The tests described below indicate that the pro- 
jections do not assist in resisting a forde tending to withdraw the bar 
until a slip of bar has occurred approximating that corresponding to 
the maximum sliding resistance of plain bars. The sliding resistance 
of plain bars reaches its maximum value at a slip of about 0.01 in. It 



TABLE 13. 
Notes on Defobmed Bars Used in 1909 Pull-out Tests. 

The forms of these bars are shown in Fig. 21. 



Bar 


Equivalent Section 


Perim- 
eter,* 
inches 


Remarks 


M-in. twisted lug bar" 

J^in. twisted lug bar" 

5i-in. twisted lug bar" 

1 -in. twisted lug bar" 


Hexagonal in section, 
equivalent to square 
bar of same nominal 
size. 


1.87 
2.32 
2.78 
3.78 


Lugs 2.4 in. apart; 2.7 twists per ft. 
Lugs 2.4 in. apart; 2.0 twists per ft. 
Lugs 2.4 in. apart; 1.7 twists per ft. 
Lugs 2.4 in. apart; 1.0 twists per ft. 


K-in. eup bar 
H-in. cup bar 
1 -in. cup bar 


Round bar, equivalent 
to square bar of same 
nominal size. 


1.77 
2.65 
3.56 


Cups I in. long. 
Cups IH in. long. 
Cups IM in. long. 


M-in. Corrugated sq. Type A 
5i-in. Corrugated sq. Type A 
1 -in. Corrugated sq. Type A 


Square bar having the 
perimeter shown. 


1.32 
2.50 
3.56 


Corrugations .06 in. high 0.5 in. apart on all faces. 
Corrugations .08 in. high 0.7 in. apart on all faces. 
Corrugations .09 in. high 0.9 in. apart on all faces. 


H-in. Corrugated sq. Type B 
5i-in. Corrugated sq. Type B 
1 -in. Corrugated sq. Type B 


Square bar of same size 
Square bar of same size 
Square bar of same size 


2.00 
3.00 
4.00 


Corrugations .06 in. high %m. apart on all faces . 
Corrugations .09 in. high IH in. apart on all faces. 
Corrugations .11 in. high IH in. apart on all faces. 


•fs-in. Corrugated round 

IM-in. Corrugated round 
TypeC 


Round bar 
Round bar 


1.77 
3.34 


Circumferential corrugations 0.05 in. high, 

K-in. apart. 
Circumferential corrugations 0.09 in. high, 
1.6 in. apart. 


%~ji Thacher 


M-in. round bar 


2.35 


Plain round bar flattened at mtervals. 


H-in. sq. twisted 
1 -in. sq. twisted 


M in. square 
1 in. square 


2.00 
4.00 


Cold twisted; 2 twists per lineal foot. 
Cold twisted; 1 twist per lineal foot. 


1-in. round bar, threaded 


Round, diameter 0.89 in. 


2.80 


Standard V-ahaped threads, 8 per inch. 



" The straight lug bars were like those given in the table, except for the twisting. 

* The perimeters given are those of bars of the same weight and having the form of section indicated in the second 
column. 

will be shown in Art. 51, in the discussion of tests on bars anchored by 
means of nuts and washers, that with the large bearing area present a 
distinct movement of the bar was necessary to bring this anchorage into 
action. This makes it clear that the adhesive resistance must be de- 
troyed and sliding resistance largely overcome and that the concrete 
ahead of the projections must undergo an appreciable compression before 
the projections become effective. The action of anchored and deformed 
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bars during the first stage of the tests does not differ much from that 
of plain bars. This conclusion might have been reached from our 
knowledge of the behavior of elastic bodies, but it is one which gen- 
erally has been overlooked in discussions of the action of deformed bars. 

After the adhesion is overcome and the sliding resistance of the 
smoother portions of the bar reaches its maximum value, the projec- 
tions become effective and we may recognize a third stage in a pull-out 
test of a deformed bar in which the bond stress arises principally from 
the bearing stress between the projections and the concrete ahead. As 
slip continues, a larger and larger portion of the stress is taken in 
direct bearing. This bearing stress is opposed by a shearing stress over 
an area of concrete enveloping the projections. The exact stage of the 
test at which the projections become effective in taking stress and the 
amount of stress which finally may be taken in this way, depend, of 
course, on the design of the bar. The influence of the form of the bar 
and the secondary stresses developed in the concrete by deformed bars 
of different types are discussed in Art. 42. 

Due to the elongation of the bar and to the yielding of the con- 
crete ahead of the projections it is evident that the three stages men- 
tioned above (adhesion, sliding resistance and bearing resistance) may 
be co-existent over a comparatively short embedded length of a deformed 
bar. In other words, the transition from the condition in which prac- 
tically all the bond stress is taken by adhesion, only a little by sliding 
resistance and none by bearing, to that in which none is taken by 
adhesion, only a little by sliding resistance and practically all by bear- 
ing, is so gradual that we may not expect to find a sharp line of demarka- 
tion between them, but that the load-slip relation for deformed bars 
will be a continuous curve, as long as the concrete is intact. 

Fig. 23 gives a typical load-slip curve for deformed bars. This 
curve is a composite from 55 tests, including all the tests given in Table 
14 on bars of % in. and larger sizes', except the plain round, twisted 
square and threaded bars. The twisted square and threaded bars are 
not considered in the present discussion of deformed bars. 

The bond stresses for various amounts of end slip are given as 
percentages of the average bond stress which was developed at an end 
slip of 0.1 in. Since the value used for the highest bond resistance 
considered is purely arbitrary, it will be seen that the perceotages given 
in Pig. 22 are only relative. However, the curve plotted in this form 
is useful in showing the relation of bond resistance to end slip of bar. 
It would have made little difference in the relative position of the 
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curve if the average bond resistance corresponding to an end slip of, 
say, 0.05 in. or 0.3 in. had been used as 100%. End slip of bar began 
at about one-third the stress corresponding to an end slip of 0.1 in. 
After slipping began, the increase in bond resistance was nearly pro- 
portional to the amount of slip up to an end slip of about 0.01 in. 
After an end slip of 0.05 in. the bond resistance increased very slowly 
with further withdrawal of the bar. It should be borne in mind that 
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Fig. 23. Composite Load-slip Curve from Pull-out Tests with 
Deformed Bars. 

spiral reinforcement was used to prevent splitting of the concrete blocks. 
It will be seen later that the presence of this reinforcement had a marked 
influence in increasing the bond resistance of the deformed bars even 
at small amounts of end slip. 

A reference to Pig. 33 and 34, where the individual load-slip curves 
for these tests are plotted, will show that the form of the curves for 
deformed bars and their position on the diagram are not materially 
different from the curves for the plain bars up to an end slip of about 
0.01 in., corresponding to the maximum bond resistance of the plain 
bars. This makes it apparent that up to this point the bond resistance 
of deformed bars is principally due to the same causes as in the plain 
bar tests, and that the projections have not appreciably come into action 
at this stage of the tests. All further increase in bond resistance is due 
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entirely to the presence of the projections. The form of the load-slip 
curve after slip became general varied widely for bars of different types. 
The form assumed by any curve probably depends on the shape, size 
and spacing of the projections. 

Some types of deformed bar developed very high bond stresses and 
it is apparent that the bearing stress between the concrete and the 
adjacent projections was abnormally high. Some notion of the impor- 
tance of these stresses and their bearing on the proper design of a 
deformed bar which will best resist slipping through the concrete is 
given in Art. 42. 

38. Basis of Comparison of Bond Resistance of Deformed Bars. — 
In computing the unit stresses given in Table 14 and for other tests 
with deformed bars, the perimeter used was that of a bar having the 
same sectional shape and the same weight per unit of length as the 
deformed bar under consideration. The perimeters given in Table 13 
for these bars were determined from the weights of the bars in this way. 
In order to secure a uniform basis for comparison the bend stresses 
corresponding to given amounts of end slip will be used. Most of the 
deformed bars showed an increasing bond resistance even after a large 
amount of slip had occurred. The highest bond resistance reported 
for deformed bars was that corresponding to an end slip of 0.1 in., 
unless the maximum load came at a smaller amount of slip. A slip of 
0.1 in. is very much larger than would be available or permissible in 
reinforced concrete construction. 

It will be seen in the discussion of bond failures in beams reinforced 
with either plain or deformed bars that the amount of slip at the free 
end of the bar which may be developed before the maximum bond 
resistance in the beam is reached is much less than in the pull-out tests. 
It is evident that if we are to secure a proper criterion of the bond value 
of a deformed bar from the pull-out tests we must use a load which 
corresponds to a slip very much smaller than that at the maximum bond 
stress as defined above. Certain beam tests indicate that if the load 
which produces a slip of about 0.001 in. at the free end of the bar is 
repeated or maintained constant for a considerable period the beam will 
ultimately fail in bond at this load. This conclusion is based on tests 
of beams in which the longitudinal steel was not highly stressed — see 
Art. 90. In the case of plain round bars the pull-out tests show that 
the bond resistance at an end slip of 0.001 in. is about 75% of the 
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maximum. Professor J. L. Van Omum, Trans. Am. Soc. C. E., Vol. 
LVIII, 1907, p. 294, and Professor M. 0. Withey, Bulletin No. 331, 
University of Wisconsin, have found that with plain bars a sufficient 
number of repetitions of a load 60 to 80% of what would be the maxi- 
mum bond resistance under a load applied progressively to failure will 
cause bond failure in pull-out tests or in beam tests. 

It will be seen also in the discussion of the beam tests that begin- 
ning of slip at the free end of the bar (slips amounting to 0.0003 in. 
or less) is almost simultaneous with the appearance of cracks in the outer 
region of the beam. This is an important reason for using for com- 
parison bond stresses corresponding to small amounts of end slip. 

These considerations show that it is the bar which longest resists 
beginning of slip that should be rated highest in comparison. In the 
following discussion of deformed bars, the bond resistance at a slip of 
0.001 in. will be used as the principal basis of comparison of the bond 
resistance of bars of different forms. In the summary of the tests. 
Table 14, the relation of the bond resistance at an end slip of 0.001 in. 
has been given for each set of tests in terms of the resistance of plain 
round bars at the same slip. Similar ratios are given for the bond 
stresses at an end slip of 0.01 in. Mean values for 1 and l^-in. plain 
bars have been used as a basis of comparison in determining the ratios 
given in the table. 

The high values found in the pull-out tests are much larger than 
would be obtained without the restraint of the spiral reinforcement. 
While such values may be available in the case of a bar simply anchored, 
it is evident that they are not available in beam or similar construction. 

39. Discussion of Deformed Bar Tests. — The plain round bars 
used in this group of tests were of high-carbon steel with ordinary mill 
surface. The values of bond resistance found for the plain rounds are 
about the same as found in other groups of tests on plain bars. The 
average values for the two sizes of bar are 306 lb. per sq. in. for an end 
slip of 0.001 in. and 405 lb. per sq. in. for the maximum bond resistance. 
The blocks with plain round bars were not reinforced against bursting. 

Using the above values from the plain bar tests as a basis, we may 
make some interesting comparisons. At an end slip of 0.001 in. the 13 
sets of deformed bars of %-in. and larger sizes in Table 14 (the 55 tests 
which were used in plotting the curve in Pig. 33) developed an average 
bond resistance of 318 lb. per sq. in., or an average of 4% more than 
the plain rounds at the same end slip. At this stage of the tests, two 
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sets of deformed bars gave practically the same bond resistance, five 
sets gave lower values, and five sets higher values than the plain bars. 
At an end slip of 0.01 in., corresponding to the maximum bond resist- 
ance of plain bars, the average bond resistance of the 13 sets of deformed 
bars was 445 lb. per sq. in., or 10% higher than the plain bars. At this 
stage, two sets gave about the same resistance, two sets gave lower values 
and eight sets gave higher values than the plain bars. The highest value 
(2 tests) was about 45% in excess of the plain bars; the average of the 
three next highest sets was about 23% in excess of the plain bars. 

In the following discussion, little will be said about the tests with 
deformed bars smaller than % in., but the values may be seen in Table 
14. The tests with threaded round and twisted square bars are dis- 
cussed in Art. 40 and 41. 

Tests were made on three types of corrugated bars — types A, B, 
and C. Types A and B are square bars, type C is designated as round 
but has an oval contour. These bars were of high-carbon steel. 

At a slip of 0.001 in. with bars of type A (formerly known as corru- 
gated square, old style) the %-in. size gave 89% of the bond resistance 
of plain bars. The 1-in. bars gave 123%. The individual tests for the 
%-in. bars show a wide variation; the values ranged from 183 to 390 
lb. per sq. in. at a slip of 0.001 in., with an average of 273 lb. per sq. in. 
The load-slip curves follow closely the composite curve for deformed 
bars given in Fig. 22. Type B (formerly known as corrugated square, 
new style) gave a percentage of 101 for both the % and the 1-in. bars; 
the value for bond stress at slip of 0.001 in. averaged 308 lb. per sq. 
in. for each of these sizes. Type C (commonly known as corrugated 
round) gave a bond resistance of 256 lb. per sq. in., for the 1%-in. bar 
at an end slip of 0.001 in., a value below all the other deformed bars. 
However, in other groups of pull-out tests and m the beam tests in 
which this bar has been used the comparison is more favorable. In the 
tests on effect of length of embedment, Table 9, the 1%-in. corrugated 
rounds give a bond resistance of 291 lb. per sq. in. at a slip of 0.001 in., 
as the average of four lengths of embedment, ranging from 4 to 24 in., 
while the li/4-in. plain rounds for the same lengths of embedment gave 
302 lb. per sq. in. The bars of type A give the highest bond resistance 
both at beginning of slip and at maximum load found in the tests on 
corrugated bars. It is shown in Art. 42 that these differences may 
readily be accounted for by a consideration of the details of the design 
of the bars. The relative values for the larger sizes of corrugated bars 
may be seen by reference to Figs. 23, 24 and 25. 
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The general characteristics of the cup bar are somewhat similar to 
the corrugated rounds. These bars are round in section and have a 
sectional area equal to that of a square bar of the same nominal size. 
These bars were of high-carbon steel. At an end slip of 0.001 in. the 
%-in. cup bars show an efficiency of 113% and the 1-in. bars 106%, 
as compared with the plain rounds. The bond resistance developed by 
the cup bar at an end slip of 0.1 in. was the highest developed by any 
of the larger sizes of deformed bars; it averaged about 1100 lb. per sq. in. 
for the larger bars. However, it should be remembered that the con- 
crete blocks were reinforced against bursting. 

Tests were made on two different types of lug bar — straight and 
twisted. They were of high-carbon steel. The amount of twist and the 
spacing of the lugs are shown in Table 13. The %-in. straight lug bars 
show an efficiency of 108% and the 1-in. bars 131% as compared with 
the plain round bars at an end slip of 0.001 in. The %-in. twisted lug 
bars show an efficiency of 95%, the %-in. bars 84%, and the 1-in. 
bars 94%. Considering only the % and 1-in. bars, the values of bond 
resistance are from 10% to 30% higher for the straight bars than for 
the twisted bars. This is true for all stages of the tests except at the 
highest loads considered. It will be seen in the discussion of tests on 
square twisted bars (Art. 41) that this is a characteristic phenomenon 
of pull-out tests with twisted bars. It is noteworthy that at an end 
slip of 0.001 in. the straight lug bars had a bond resistance about 15% 
greater and the twisted lug bars about 10% less than plain rounds. 

The Thacher bar consists of a round mild steel bar which is flat- 
tened at intervals. Only %-in. bars of this type were tested. This bar 
gave a bond resistance of 379 lb. per sq. in. at a slip of 0.001 in., 91% 
of the bond resistance of plain round bars at the same slip. The average 
load-slip curve for this bar follows almost exactly the composite curve 
for the larger sizes of deformed bars as given in Fig. 23. 

In Fig. 35 the significant stresses from the pull-out tests on de- 
formed bars have been plotted in a way that shows their relative values. 
The heavy solid line shows to scale the bond stress at an end slip of 
0.001 in., the right end of the broken line indicates the bond stress at 
an end slip of 0.01 in., and the open line corresponds to the bond stress 
at an end slip of 0.1 in., which is the highest bond stress which has been 
considered in the discussion of the deformed-bar tests. The bars have 
been arranged in the figure in the order of the stress developed at an 
end slip of 0.001 in. For sake of comparison the tests on threaded bars. 
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Fig. S3. Load-slip Curves from Pull-out Tests with Deformed Bass. 
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twisted square and plain I'ounds made from the same batches have been 
included. The average values for the 1 and li/j-in. plain rounds have 
been used. With this arrangement it is of interest to note that the 
plain bars occupy about a mean position, with seven commercial bars 
above and six below. 
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Fig. 35. Relative Values of Bond Resistance op Deformed Bars. 

The heavy solid lines show to scale the bond stresses developed in 
the pull-out tests at an end slip of 0.001 in.; the right ends of the broken 
lines indicate the bond stresses at an end slip of 0.01 in.; the open lines 
indicate the bond stresses at an end slip of 0.10 in. 



40. Threaded Bars. — In order to study the bond resistance of bars 
in which the projections were more numerous than in any of the avail- 
able commercial bars, tests were made on l-in. round bars on which a 
standard thread had been cut for the entire embedded length. The 
relation of this bar to the other deformed bars used is shown in Table 13. 
The results of 10 tests are given in Table 14 and the load-slip curves 
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in Fig. 23. This bar offers a much higher resistance to beginning of 
slip than any other form of bar used in these tests: The bond stress at 
an end slip of 0.001 in. varied from 500 to 743 lb. per sq. in.; average 
612 lb. per sq. in. It will be seen that the lowest value for this bar is 
nearly as great as the highest for any of the commercial deformed bars 
of about the same size. This bar gave twice as much bond resistance 
as the plain round bars at a slip of 0.001 in. The maximum bond 
resistance came at a slip of about 0.1 in. and averaged 745 lb. per sq. 
in. The tests indicated that failure was produced by piecemeal shear- 
ing of the concrete surrounding the threads. 

The pull-out tests on threaded bars made with the 1913 beams 
(see Table 34) gave somewhat lower values than those above, but the 
1913 specimens were not reinforced against bursting. 

41. Twisted Square Bars. — Pull-out tests were made on y^ and 
1-in. cold twisted square bars. The characteristics of the bars may be 
found in Table 13. The load-slip curves for these tests have been 
included with the deformed bars in Fig. 33 and 34. Load-slip curves 
for the individual tests and for the plain rounds made from the same 
concrete are shown in Fig. 36. A mean curve has been drawn for each 
size of twisted square bars. The tests exhibit some peculiar phenomena. 
The load-slip curves are not unlike those for plain bars up to an end 
slip of about 0.01 in., except that they are lower on the scale. After 
a slip of about 0.01 in. has been reached there is a decided drop in the 
curves. This drop is found in all the curves in varying degree. It is 
more pronounced in the V2-iii- than in the 1-in. bars. The mean curve 
for the 1-in. bars shows only a slight depression after a slip of 0.01 in., 
but the slip is increased to about 0.05 in. before there is any further 
increase in the bond resistance. From this point the curve continues to 
rise at an increasing rate. In the %-in. bars the mean curve drops 
from about 373 lb. per sq. in. at a slip of 0.01 in. to 330 lb. per sq. in. 
at a slip of 0.04 in. and the end slip reaches about 0.10 in. before the 
bond resistance exceeds that corresponding to a slip of 0.01 in. After 
this point the course of the curve is similar to that of the 1-in. bars. 
The load required to pull out these bars would probably depend on the 
amount of restraint against the bursting of the concrete block. The 
maximum loads considered in the table were (as in the case of the 
deformed bars) those corresponding to an end slip of 0.1 in., although 
the load-slip curves show that a maximum point was reached at an end 
slip of about 0.01 in. Some of these bars were pulled out as much as 
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3 or 3 in. before reaching their highest resistance. The apparent bond 
stress at these large amounts of slip was very high, but of course such 
stresses' and slips can not be developed in a structure, and are entirely 
meaningless under a rational interpretation of the tests. However, 
values obtained in this way have been commonly reported as the bond 
resistance of twisted square bars, and such tests have been generally 
used as the basis for the bond resistance of such bars. 

The load-slip curves for twisted square bars are quite similar to 
those for polished bars with wedging taper given in Fig. 18. A little 
consideration will show the reason for this similarity and will also 
reveal important differences between the two eases. A longitudinal sec- 
tion of a twisted square bar presents an outline which consists of a 
series of equal arcs as shown in Pig. 36. The length of the radius and 
of the arcs will depend upon the amount of twist. The twisted bar is 
essentially a combination of a wedging taper and a non-wedging taper. 
As the bar begins to slip through the concrete the wedging tapers are 
drawn more firmly against the concrete, while at the same time the 
non-wedging tapers are separated from the concrete with which they 
were originally in contact. This separation of about one-half of the 
surface of the bar from its original contact is one important difference 
between the action of the twisted bar and that of the bar with wedging 
taper. Of course the separation of the surface of the twisted bars does 
not occur at once, on account of the curvature of the surfaces, and it 
may not be expected to occur as suddenly as with the polished bars on 
account of the difference in the texture of the surfaces. The load-slip 
curves for the twisted bars seem to indicate that this separation becomes 
pronounced at an end slip of about 0.01 in., which is about the slip at 
which plain bars have been found to reach their maximum bond resist- 
ance. The gradual drop in the curves suggests that the loss in bond 
resistance resulting from the separation of the non-wedging tapers and 
the continued sliding of the flatter portions of the longitudinal section 
have more influence in reducing the average bond resistance than the 
increased bearing of the wedging tapers against the concrete has in 
increasing the bond resistance. Continued slip of the bar finally allows 
the bond resistance due to the wedging action to rise and all further 
resistance must be due to this cause. It is evident that this action must 
produce a large twisting moment in the bar as well as a high splitting 
stress in the block. In the tests in which the bars were withdrawn 
say Vi in- or more, this tendency to untwist was quite pronounced. This 
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was shown in two ways: first, the cavity left in the top of the concrete 
block by the withdrawal of the bar presented the same spiral surfaces 
which were formed by the bar in its original position, the bar having 
to untwist somewhat during the movement; second, upon releasing the 
load at the completion of the test the blocks gave a sudden lurch in the 
direction of the twist in the bar. It should be borne in mind that this 
tendency to untwist was not pronounced until the bar had been with- 
drawn 1/2 in. or more, and that it had no effect at the loads given in tlie 
table, and may not be expected to have any influence at working stresses. 

On the basis used in comparing deformed bars (the bond resistance 
at a slip of 0.001 in., as compared with the resistance of plain round 
bars) the rating of the %-in. twisted square bars is 111% and the 1-in. 
bars 88%. At a slip of 0.01 in., which represents the first maximum 
in the load-slip curves for the twisted square bars, the bond stress for 
the 1-in. bars is 343 lb. per sq. in., or 80% of the value for plain rounds 
at the same slip. The bond stress on these bars at a slip of 0.1 in. is 
93% of the maximum bond resistance for plain rounds. 

It has been frequently stated that cold twisting is effective in rais- 
ing the yield point of the bar by over-stressing a portion of the metal, 
and at the same time it furnishes a very severe test on the quality of 
the steel itself. However, it has been shown by tests that the elastic 
limit has been raised on only a portion of the section (the outside) and 
that for stresses above the original yield point the modulus of elasticity 
of the whole section is considerably smaller than the normal iralue for 
steel within the elastic limit. In other words, for stresses above the 
original yield point the metal in the interior of the section will be 
stressed beyond its elastic limit, and the rate of change in tensile 
deformations in the bar as a whole will be larger than at the lower 
stresses. 

The tests here recorded show conclusively that the bond resistance 
of twisted square bars is inferior in characteristics to that of plain round 
bars of similar surface, and that these bars have little or no advantage 
in bond resistance within limits of slip which would be useful in struc- 
tures. It seems strange that the twisted bar has gained such a wide 
popularity as a reinforcing material. 

42. Elements of the Bond Resistance of Deformed Bars. In Art. 

37 and 39 the general phenomena of the teats of deformed bars were 
described. It seems desirable now to consider the secondary stresses 
which are developed in the concrete by deformed bars of the usual kind 
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and to learn the causes of the variations in the bond resistance of bars 
of different types. Such a study will indicate certain limitations of 
the deformed bar and furnish suggestions for the rational design of a 
bar which may be expected to give the best results: 

We have seen that the projections do not become effective in taking 
bond stress until the bar has slipped an appreciable amount, and that 
during the later stages of the tests bond resistance is due principally 
to the bearing stress developed between the projections and the concrete 
in front of them. The pull-out tests showed that high bursting stresses 
were developed in the concrete blocks by the components of this bearing 
stress normal to the axis of the bar. This bursting action would be very 
destructive in a smaller mass of concrete which is under no restraint. 
This makes it apparent that if the bearing area of the projections is to 
be most effective in taking bond stress and least destructive in causing 
bursting, the planes of the bearing faces of the projections should be 
as nearly as possible at 90° to the longitudinal axis of the bar. The 
low bond resistance of the twisted square bar and certain deformed bars 
is due to the small angle which the so-called bearing faces make with 
the axis of the bar. In many of these tesfs the entire excess of bond 
resistance over that of plain bars was due to the restraint offered by 
the concrete block. 

Having determined that the bearing faces should be as nearly per- 
pendicular to th^ axis of the bar as practicable, the projections should 
be of such height and number that the proper relation between bearing 
stress on the concrete and shearing stress over the enveloping surface 
of concrete will be preserved. The ultimate bearing strength of con- 
crete has not been studied, but these deformed-bar tests and the tests on 
anchored bars described in Art. 51 indicate that small areas which are 
restrained by a larger mass of concrete may be expected to carry a very 
high stress in bearing. These tests show that the concrete momentarily 
supported a bearing stress of from 8000 to 14 000 lb. per sq. in. Under 
these conditions the concrete was probably reduced to a powder as it 
yielded slowly under the stress. 

The shearing value of concrete under these conditions has not been 
determined, but these deformed-bar tests show that it is higher than 
has commonly been assumed, and certain tests reported in Illinois 
Engineering Experiment Station Bulletin Fo. 8 indicate that it is nearly 
as great as the compressive strength. It may be noted that the values 
for the highest bond resistance given in Tables 14 and 15 were not the 
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ultimate values of the bond resistance and that the shearing stresses 
finally developed over the surrounding concrete were larger than the 
values for bond stress which are given in the tables. However, the tests 
vdth threaded bars were the only ones in which failure occurred by 
shear in the concrete. In the threaded bars the bearing area was so 
large that the bearing stress was not great enough to produce an 
appreciable deformation in the concrete ahead of the threads and the 
elongation of the bar caused a piecemeal shearing of the concrete at an 
apparent stress much lower than was developed in the other tests. These 
considerations indicate that while high values of bearing and shearing 
stresses may be developed in such tests, the shearing resistance of the 
concrete will probably prove to be the limiting factor. The action of 
the threaded bars suggests that it is not desirable to keep the bearing 
stress too low in comparison with the shearing stress, since a slight 
yielding of the concrete due to a higher bearing stress will give a more 
uniform distribution of shearing stress and thus reduce the tendency to 
fail by shear. Practically all experiments in reinforced concrete in 
which the ultimate shearing stress was developed have emphasized the 
desirability of avoiding failures of this kind. 

In order to study the bearing stresses developed in some of the 
deformed-bar tests, the values have been worked out for certain bars 
as shown in Table 15. The corrugated bars have been used since with 
the different types of bar they are instructive in making comparisons 
of bearing pressures, sliding resistance, and shear. For obvious reasons 
the lug bars and some other types could not be used in such a com- 
parison. 

It was seen above that, in general, the projections have little effect 
previous to an end slip of 0.01 in., and at a slip of 0.1 in. they may be 
considered to take all the bond stress except that taken by sliding 
resistance. If we consider the sliding resistance of a deformed bar to 
be the same as for a plain bar at the same slip, we may calculate what 
portion of the total bond stress is being carried by the projections at 
this stage of the test. It is appreciated that this method may be subject 
to error, since the secondary stresses in the concrete may be expected 
to cause an increased sliding resistance in the deformed bar, but on 
the other hand, this increase is probably largely counteracted by the 
bursting stresses developed in the concrete block. The sliding resist- 
ance of the plain bars in this series at an end slip of 0.1 in. was 250 
lb. per sq. in. If we use 90% of this value, on account of the area lost 
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by slip of bar, we may say that about 235 lb. per sq. in. of the highest 
bond stress of deformed bars was due to sliding resistance. The column 
in Table 15 headed "Bond Stress Carried by Projections at the Maxi- 
mum Load Considered" shows the values obtained by subtracting 235 
lb. per sq. in. from the bond stresses at an end slip of 0.1 in. for the 

TABLE 15. 
Bearing Stresses Developed by Deformed Bars. 

Stresses are given in pounds per square inch. 
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bars shown. The bearing area of the projections per unit of area of 
the entire surface of the bar is shown in the fifth column of the table. 
The areas given are the areas of the normal projections of the bearing 
faces, without any reference to the angle at which they are placed. It 
will be seen that there is a wide variation in the ratio of the bearing 
area to the area of the surface of the bar. This value is about 11% in 
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the type A bars, 6% in the type B bars and 2 to 5% in the type C bars; 
for the threaded bars the ratio is 70%. Considering that these bearing 
areas take all the stress in excess of that carried by adhe&ive resistance, 
the bearing stresses given in the table were computed. The bearing 
stresses for the corrugated bars, computed on this basis, vary from 5800 
to 14 000 lb. per sq. in. The bearing stresses are seen to be inversely 
proportional to the bond stresses developed by these bars at an end slip 
of 0.01 in., when the projections were just beginning to take effect. 
These considerations show that the ratio of the normal projections of 
the bearing areas to the area of the surface of the bar is the proper 
criterion for judging the bond resistance of a deformed bar. The bear- 
ing stresses developed at this stage of the tests also show the absurdity 
of seriously considering the values that are usually reported as the bond 
resistance of many such bars. 

The values in Table 15 also give some indication as to the proper 
ratio of the bearing area to the superficial area of the bar in order that 
the best results may be obtained. In order to obtain a notion of the 
bearing stress developed at ordinary bond stresses the values given in 
the last column of the table have been computed on the basis of a bond 
stress of 100 lb. per sq. in., all of which was considered to be taken in 
bearing by the projections. We may readily conclude that 11%, as in 
the type A bars, and the percentages found for the other corrugated bars 
are all too small, since the bearing stress is entirely too high; 70%, as 
in the threaded bars, is too high since the bearing stress' is absurdly 
low and failure came by piecemeal shearing. The proper value lies 
between 11% and 70%; it seems probable that values of, say, 20% 
to 25% would give satisfactory results. Of course, a satisfactory value 
could readily be determined experimentally. With a ratio of 20% the 
bearing stress would be about four times the shearing stress over the 
enveloping surface if we disregard the sliding resistance; considering 
sliding resistance, the bearing stress would be about three times the 
shearing stress, which appear to be suitable values. A bar with projec- 
tions extending around the circumference, practically perpendicular to 
the axis and having a height of, say, 1/10 of the diameter of the bar 
and spaced, say, % the diameter apart, would answer the requirements 
mentioned above. The spacing now ordinarily used would require so 
high a projection in order to secure the desired bearing area that the 
height would interfere with the practical requirements of manufacture 
and it would not give a good distribution of stress along the bar. A 
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comparatively close spacing would give the necessary bearing area with 
the use of a minimum amount of metal. Advocates of deformed bars 
would do well to realize that a certain amount of metal must be sacri- 
ficed to the projections in a bar of proper design and to recognize the 
fact that if high bond resistance is desired, it must be paid for in much 
the same way as is done in dealing with tensile stress. 

e. Effect of Age and Mix. 

43. Preliminary. — To determine the effect of age and mix, several 
series of pull-out tests were made, using %-in. plain round bars and 
%-in. corrugated square bars (type B), at ages varying from 3 days to 
15 months and 3% years, with the following mixes: 1-4-8, 1-3-6, 1-3-4, 
1-1^-3 and 1-1-3. These tests are summarized in Table 16. All the 
bars were embedded 8 in. in 8-in. cylinders of concrete; they were all 
stored under the same conditions and tested in the same manner. All 
specimens tested after 4 days were stored in damp sand upon the removal 
of the forms; but the storage sand was allowed to dry out after about 
3 years. The blocks with corrugated bars were reinforced against burst- 
ing by means of a spiral consisting of 6 or 7 turns of ^-in- round wire. 
Generally the specimens were tested in sets of 5 at each age. The 
specimens of each mix were made from two batches of concrete, dis- 
tributed as follows: two specimens with plain rounds and three of corru- 
gated squares for each age were made from the first batch and the 
remainder from the second batch. In the case of the 1-1^^-3 group a 
part of the tests with plain round bars was duplicated. The numbers 
of the batches used are given in the table; for further information re- 
garding the concrete reference may be made to Table 4. 

The "Highest Bond Stress Considered" for the corrugated bars 
is based on the stress at an end slip of 0.1 in., if a maximum had not 
been reached at a smaller slip. In only a few cases was the maximum 
load reached before a slip of 0.1 in. had occurred. 

The values given in Table 16 are the averages for the number of 
tests noted. For convenience of reference, the values from the com- 
pression tests of 6-in. cubes for each mix have been included. As a ready 
method of comparing the effect of age on each mix, the percentage of the 
bond stress for the several ages at an end slip of 0.01 in. to the bond 
stress for the same slip at age of about 60 days is given in the table. 
It will be seen that it would not make any material difference in the 
percentages given if the bond stresses developed at another slip or at the 
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maximum load were iised as the basis of these values. Two groups of 
tests were made on mixes of the forms l-2'-m and l-n-2n, where m 
varied from to 8 and n from 1 to 5. The tests were made with %-in. 
plain rounds embedded 8 in. in 8-in. cylinders. 
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Fig. 27. Effect of Age and Mix on Bond Resistance of Plain Round Bars. 

44. E^ect of Age on Bond Resistance. — Pig. 27 shows the bond 
stresses developed in the pull-out tests with %-in. plain round bars 
with the different mixes of concrete at ages up to 6 months, at an end 
slip of 0.0005 in. and at the maximum. Load-slip curves for the 1-2-4 
concrete at the various ages using plain bars are given in Fig. 28 and 
for the corrugated bars in Fig. 30. The load-slip curves for other 
mixes are omitted, but the values plotted for the 1-2-4 mix may be con- 
sidered representative of the effect of age in the entire series. 

The tests at early ages gave surprisingly high values. In the 1-2-4 
concrete tests with plain bars at 2 days, slip did not become appre- 
ciable until a bond stress of 75 lb. per sq. in. was developed. The maxi- 
mum bond resistance at this age was 123 lb. per sq. in — 27% of the 
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maximum at 60 days. At 4 days slip became appreciable at 97 lb. 
per sq. in.; maximum bond resistance 153 lb. per sq. in. — 34% of the 
maximum at 60 days. The rate of growth of bond resistance was great- 
est from 3 to 7 days of age ; for the older tests the rate of growth grad- 
ually became less. From 4 days to 38 days the growth in bond resist- 




FiG. 28. Load-slip Curves for Plain Round Bars Embedded in 1-3-4 Concrete. 

ance for the various amounts of slip is nearly proportional to the age, 
as shown by the straight lines in Fig. 37 and 39 ; for 38 days to 6 months 
the growth in resistance is again proportional to the age. The rate of 
growth of bond resistance at early ages will probably depend largely on 
the quality of the cement used. 

At 60 days slipping began in the 1-3-4 concrete at a bond stress 
of 333 lb. per sq. in.; the maximum bond stress at this age was 453 lb. 
per sq. in. These values correspond closely to those found for 1-2-4 
concrete in the tests reported in University of Illinois Engineering Ex- 
periment Station Bulletin 'No. 8. The bond stresses developed are about 
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the same as found in the 1913 beam and pull-out tests for 1-3-4 con- 
crete with 1-in. plain round bars. The bond stresses at a slip of 0.001 
in. for ages 130 days, 6 mo. and 17 mo. are 139%, 168% and 330%, 
respectively, as compared to that at age of 60 days. It seems probable 
that the bond resistance for small slips, such as 0.001 in., for concrete 
of the kind used in these tests may be expected ultimately to reach a 
value as much as twice that developed at 60 days. 

For mixes leaner and richer than 1-3-4 the relation between the 
bond resistance developed and slip of bar for the plain round bars is 
much the same as that found with the 1-3-4 concrete. The maximum 
bond resistance for the plain bars was found at a slip of about 0.01 in. 
and the bond stress at larger slips drops off in a manner similar to that 
shown in Fig. 88. In all cases the bond resistance for a given end slip 
increased with age, except for certain irregularities at the older ages. 
The values in Table 16 will enable the reader to make a further study 
of these tests. 

The tests on %-in. corrugated squares formed a group parallel to 
those with %-in. plain rounds discussed above. The load-slip curves 
for the 1-3-4 concrete are given in Fig. 39. The load-age curves for 
all the mixes used are given in Fig. 30. During the interval between 3 
days and 7 days the bond resistance of the 1-3-4 concrete increased 
about 100%. From 7 days to 6 mo. there is a nearly uniform increase 
in bond resistance with age. During this interval the rate of growth in 
bond resistance is about 110 lb. per sq. in. per month, for the beginning 
of slip, and 175 lb. per sq. in. per month at the maximum. The values 
for the 1-3-4 concrete at 180 days seem abnormally high as compared 
with those at earlier and later ages and as compared with the other 
mixes. For the smaller amounts of slip at ages under 6 days the bond 
resistance developed by the corrugated bars is not materially different 
from that found in the tests of plain round bars. For an end slip of 
0.001 in. in the tests at 3 to 38 days, inclusive, the corrugated bars aver- 
age 8% higher than the plain rounds; for ages of 60 days and over the 
average is about 35% higher. As the specimens were made from the 
same concrete at 'the same time, the results give comparative values 
for the two forms of bar. Absolute values will vary, of course, with the 
concrete used. At an end slip of 0.01 in., corresponding to the maximum 
bond resistance of the plain round bars, the corrugated bars developed 
from 10% to 35% more bond resistance than the plain rounds. 
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With 1-4-8 concrete, for the smaller amounts of slip, the corrugated 
squares give lower values than the plain rounds for all ages under 15 
months. This is true for slips up to and including 0.001 in., and in 
case of the 2 and 28 day tests the values for corrugated bars were lower 
until a slip of nearly 0.01 in. was produced, a slip corresponding to tht 
maximum bond resistance of the plain rounds. The bond resistance for 
the 15-month tests is about twice that of the 60-day tests. 



TABLE 17. 
Comparative Values fob Bond on Plain Round Babs. 

Compiled from the pull-out tests with ^-in. plain rounds given in Table 16. 
The values in each of the two principal divisions of the table are given as percentages 
of the corresponding value for the 60-day tests with 1-2-4 concrete. 



Age at Test 



At End Slip of 0.001 in. 



1-4-8 



1-3-6 



1-2-4 



-lK-3 



At Maximum Bond Resistance 



1-4-8 



1-3-6 



1-2-4 



l-lM-3 



1-1-2 



2 days 

4 days . . . . 

7 days 

14 days 

28 days 

60 days 

4 mo 

6 mo 

13 to 17 mo.. 

2 to 3J^ yra. 



37 
47 



70 



12 
31 



63 
110 



02 



25 
30 
44 
68 
80 
100 
129 
168 
220 
204 



34 
54 



126 
135 
148 

241 
222 



29 
43 
56 

82 
110 
132 

181 



11 
12 

33 
42 

47 

83 



12 
17 
37 

63 
69 
119 

83 



27 
34 
50 
66 
90 
100 
134 
163 
186 
188 



51 
67 

121 
123 
148 



31 
44 
55 

87 
118 
148 

177 



With 1-3-6 concrete, the values of bond resistance for the corru- 
gated bars at a slip of 0.001 in. average about 25% higher than for the 
plain rounds at the same slip. 

With l-l%-3 concrete at ages 32 days and less the corrugated 
bars must slip 0.05 in. or more to develop the sa,me bond unit stress 
as is developed by the corresponding plain rounds at a slip of about 
0.01 in. For the 62-day and older tests slip began at about the same 
unit stresses in the two forms of bars. 

The relative values of bond resistance of plain bars for the dif- 
ferent ages and mixes at an end slip of 0.001 in. and at the maximum 
are given in Table 17. 
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45. Effect of Mix on Bond Resistance. — In Table 16 the com- 
parative values of bond resistance at a slip of 0.001 in. and at the maxi- 
mum for %-in. plain round bars and %-in. corrugated square bars are 
given for five mixes of concrete. In computing the proportional num- 
bers in each of the two divisions of the table, the bond resistance for 
1-2-4 concrete tested at 60 days has been taken as 100%. At 3 days 
and 7 days the leaner mixes show bond resistances relatively lower than 
the richer mixes. This is probably due to the slower hardening of the 
leaner mixes. The relative strength at ages of 15 months and over are 
about the same for the leaner as for the richer mixes. It will be noted 
that for all the tests on plain rounds the bond resistance at a slip of 0.1 
in. is about the same as that causing beginning of slip. 

Load-slip curves for plain bars embedded in concrete of different 
mixes, tested at about 60 days are shown in Fig. 31. The_ effect of mix 
will be further considered in the following articles. 

46. Mixes of the Form 1-2-m. — This group included pull-out tests 
with eight mixes of the form 1-%-m, where m varied from to 8; in 
other words the concrete consisted of a 1-2 mortar with varying quan- 
tities of coarse aggregate, %-in. plain round bars were used. The 
values from the tests are given in Table 18. Load-slip curves are plotted 
in the upper portion of Pig. 31. The relation of bond resistance to the 
per cent of cement in the mix is shown in the upper portion of Fig. 32. 
The percentage of cement is expressed in terms of the total weight of 
the aggregates in the batch. The values for 1-2-3 concrete seem erratic. 
If these values be disregarded, as indicated by the dotted lines in the 
figure, the adjacent points line up with the others. The maximum 
bond resistance varied from 341 lb. per sq. in. for the 1-3-8 concrete to 
757 lb. per sq. in. for the 1-3-1 mix. We may say then that bond 
resistance in mixes of this kind increases roughly with the amount of 
cement used up to about 33% of cement. This relation does not hold 
when we omit the coarse aggregate, as was done in the 1-3-0 mix. 

47. Mixes of the Form 1-n-Sn. — The results of these tests are 
given in Table 18. The lines in the lower portion of Fig. 33 show the 
relation of bond resistance to per cent of cement used in the batch for 
various amounts of slip. While the 1-5-10 concrete gives very low values, 
it is seen that the bond resistance increases sensibly as a direct func- 
tion of the amount of cement from the 1-5-10 to the l-li/^-S concrete 
or from about 6% to 20% of cement by weight. The values for the 
1-1-3 mix do not differ much from the 1-1^^-3 mix. It may be that 
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Fig. 31. Load-slip Curves for Plain Round Bars. 
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the values for the 1-13^-3 concrete are abnormally high and those for 
1-1-2 concrete somewhat low. The cube tests show a consistent relation 
for these mixes. However, it is evident that the general slope of these 
lines must decrease at the higher percentages, for it would be incon- 
ceivable for the bond resistance to continue to increase at the rate of, say, 
100 lb. per sq. in. for each 5% of cement as it does for the interval 
between 5% and 20% in the figure. A comparison of the broken lines in 
the two diagrams of Fig. 32 shows that for the smaller percentages of 
cement the mixes of the form 1-2-ot give somewhat higher bond resist- 
ances than those of the form l-n-2n; but as the percentage of cement 
is increased (up to about 25%), the mixes of the latter form show a 

TABLE 18. 
Effect of Varying Quantity of Cement and Moktab. 

3^-m. plain round bars; embedment 8 in. 
Hand-mixed conQrete; stored in damp sand. 
Stresses are given in pounds per square inch. 



Batch 
No. 



Per 
cent 
o£ 
Ce- 
ment* 



Age 

at 

Teat 

daya 



Number 

of 
Teatg 



Bond Streaa 
at an End Slip of 



0,0005 in. 0.001 in. 



Maxi- 
mimi 
Bond 

Reaist- 
ance 



Test of (i-in. 
Cubea 



Number 
of 

Teste 



Compres- 

aive 
Strength 



1-1-2° 

1-1, }^3° 

1-2-4° 

1-2, ii-S 

1-3-6° 

1-4-8° 

1-5-10 



Mixes of Form 1-2-m. 



1-2-0 


29 


41.6 


72 


10 


435 


452 


472 






1-2-1 


18 


31.! 


60 


5 


625 


584 


767 


3 


2870 


1-2-2 


8 


25.0 


60 


6 


401 


464 


639 


6 


2696 


1-2-3 


15 


23.8 


61 


5 


284 


306 


367 


3 


1733 


1-2-4° 


1, 12, 24 


16.3 


65 


10 


304 


333 


418 


12 


1847 


1-2-6 


16 


14.0 


61 


5 


278 


309 


393 


3 


1685 


1-2-6 


28 


11. 1 


65 


5 


277 


307 


365 


3 


1108 


1-2-8 


32 


9.7 


73 


5 


244 


260 


341 


3 


1240 



Mixes of Form l-n-2n. 



6, 20, 23 
2, 13, 33 
1, 12, 24 

14 
5, 19, 38 

7, 21, 26 



30.6 
20.1 
16.3 
12.7 
10.1 
7.4 
5.9 



61 
62 
65 
61 



10 
15 
10 
5 
10 



425 
304 
218 
200 
144 
40 



433 
454 
333 
230 
217 
160 
49 



569 


12 


3653 


521 


6 


2874 


418 


12 


1847 


352 


3 


1555 


287 


9 


1372 


242 


12 


1102 


87 


6 


533 



+ The per cent of cement is the ratio of the weight of the cement to the combined 
weights of the sand and stone. 

" These sets of tests result from combining the 60-day tests in Table 16 with 
Additional sets of 5 specimens each from separate bstoheg. 
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more rapid increase. The load-slip curves given in Mg. 31 show the 
values of bond resistance as slipping of the bar progresses. The simi- 
larity of the curves will be noted. The values are the same as those 
in the group of curves given in the lower portion of Pig. 6. 

48. Relation of Bond Resistance to the Compressive Strength of 
Concrete. — In Fig. 33 bond stresses corresponding to an end slip of 
bar of 0.0005 in. have been plotted as ordinates and the compressive 
strength of the corresponding 6-in. cubes have been plotted as abscissas. 
In Fig. 34 the maximum bond resistances have been used as ordinates. 
These figures include all sets of tests in Tables 13, 16 and 18, for which 
both values are given. The figures include tests at ages of 2 days to 
over 3% years and from mixes of 1-5-10 to 1-1-3, and specimens stored 
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Fig. 33. Relation of Bond Stress at End Slip of O.00O5 in. to the Compressive 
Strength of 6-in. CoiNCstETE Cubes. 

under several different conditions. The pull-out tests were made with 
34^-in. or 1-in. plain rounds embedded 8 in. Each point represents the 
average of from 3 to 10 pull-out tests and 3 to 13 cube tests. With a 
few exceptions the points fall within the regions defined by the dotted 
lines dravm upward and to the right from the origin. The heavy mean 
lines have been constructed in such a way that approximately one-half 
the points lie above and one-half below the lines. These figures show 
that end slip began in test specimens of this form at a bond stress per 
unit of area equal to 1/6 of the compressive strength of 6-in. cubes from 
the same concrete, and the maximum bond resistance is equal to about 
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% of the compressive strength of 6-iii. cubes. The individual sets of 
tests show a variation of about 30% each way from the mean values. 

49. Effect of Age on the Compressive Strength of Concrete. — 
The results of the tests on 6-in. concrete cubes' made from the same con- 
crete as the pull-out specimens are given in Table 16. These values 
have been plotted in Fig. 35. It will be seen that the curves for cube 
strength follow about the same courses as the corresponding curves for 
the pull-out tests with plain bars given in Fig. 27. The cube strength at 
2 days is from 13% to 36% of the 60-day strength,— average 21%. The 
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Fig. 34. Relation of Maximum Bond Resistance to the Compressive 
Strength of 6-in. Concrete Cubes. 

tests made at ages of 2 to Zy^ years gave values which vary from 142% 
to 241% of the corresponding values at 60 days; the average for 5 
mixes (no tests for 1-3-6) is 193%. The lowest value of this ratio is 
given by the 1-1-2 concrete and the highest by the 1-4-8 mix. This in- 
dicates only that the concretes rich in cement harden more rapidly 
and consequently obtain a higher proportion of their ultimate compres- 
sive strength at 60 days than do the leaner mixes. We may conclude, 
then, that, in general, concrete made and stored under the conditions 
present in these tests may be expected to finally develop a compressive 
strength about twice that at 60 days. 
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Fig. 35. Effect of Age on the Compressive Strength of Concrete. 



TABLE 19. 
Effect of Anchoring Ends of Babs. 

Embedment 8 in. 1-2-4 concrete from Batches 31, 34 and 37. 
All specimens with curved or bent bars were reinforced against splitting by means 
of a J^-in. wire spiral. See Fig. 36. 

The average compressive strength of 6-in. cubes was 2240 lb. per sq. in. 
Stresses are given in pounds per square inch. 



Size of Round Bar and Maimer 
of Anchoring 



Number 

of 
Tests 



Age 

attest 

days 



Bond Stress at End 
Slip of 



0.0005 in. 



Maximum 
Bond 
Resist- 



K-in., no anchorage 

1-in., no anchorage 

^-in., anchored with nut only 

^-in., anchored with nuts and 2^in. cut 
washer 



15 
11 



78 
66 
62 



290 
324 
292 



367 
370 
339 

373 



^-in., ^ circumference of 3-in. circle . 
K-in., ^ circumference of 3-in, circle . 

M-in., 46° bend, 2 in. long 

^-in., 90° bend, 2 in. long 

^-in. 135° bend, 2 in. long 

^-in., 180° bend, 2 in. long 



1-in., yi circumference of 3-in. circle . 
1-in., ^ circumference of 3-in. circle . 

1-in., 45* bend, 2 in. long 

1-in., 90° bend, 2 in. long 

1-in., 135° bend, 2 in. long 

1-in., 180° bend, 2 in. long 



5 


69 


5 


71 


5 


70 


5 


69 


6 


69 


5 


69 


5 


62 


5 


62 


5 


62 


5 


62 


5 


62 


5 


62 



Values for slip of bar 
could not be determined, 
since the curved or bent 
portions of the bats were 
entirely embedded in the 
concrete. 



454 
478 
926 

1020 

736 
607 
829 
747 
672 
894 

858 
663 
776 
863 
866 
1006 



* The values for maximum bond resistance for the curved and bent bars were com- 
puted by dividing the total load by the superficial area of the part of the bar embedded 
in. the concrete, without making allowance for the load taken in direct bearing. 
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/. Effect of Anchoring Ends of Ba/rs. 

50. Preliminary. — Many designers have sought to increase bond 
resistance by anchoring the ends of the reinforcing bars in beams and 
other members. Hooks or bends at the ends of the bars are anchorages 
commonly employed; nuts with washers or bearing plates are also used. 
It seemed desirable to supplement the information gained as to the load- 
slip relation in other pull-out tests with tests in which the bars were 
anchored at the ends. The results of these tests are given in Table 19. 
Pour methods of anchorage were used. The forms of these specimens 
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Fig. 36. Forms of Pull-out Specimens with Anchored Bars. 

are shown in Pig. 36. All specimens with curved or bent bars were 
reinforced against splitting by means of a y^-m. wire spiral; the blocks 
for the specimens with bars anchored by means of nuts and washers were 
not reinforced against splitting. Por comparison, tests were made from 
the same concrete using % and 1-in. plain round bars without anchorage. 

51. Bars Anchored with "Nuts and Ytasher.- — One set of tests was 
made using %-in. plain round bars having their free ends anchored by 
means of a standard hexagonal nut, and another set with ends anchored 
by means of nuts and heavy cut washers 3I/2 io- outside diameter. The 
load-slip curves for these tests and for the tests on plain bars without 
anchorage have been plotted to the same scale in Pig. 37. The bond 
stresses for the anchored bars were computed on the basis of the em- 
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bedded area of bar in the usual way. It was found that the bars anchored 
in this way gave high values of bond, but only after a considerable end 
slip had occurred. For the bars anchored with nuts only, slipping began 
at the same bond stress as in the unanchored bars, and the load-slip 
curves show that there was no appreciable difference in their action until 
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Fig. 37. Load-slip Curves for Bars Anchored with Nuts and Washers. 

after an end slip of about 0.005 in. At an end slip of 0.01 in., corres- 
ponding to the maximum bond resistance for the bars without anchor- 
age, the bars with nuts only showed a slight gain in bond resistance. 
Beyond this point the anchorage was more effective and the apparent 
bond stress finally reached 925 lb. per sq. in. at an end slip of 0.1 in. ; the 
specimens failed by splitting of the blocks at a somewhat higher stress. 
The high bearing stress which was carried by the concrete under the 
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nuts was a noteworthy feature of these tests, and indicates that enormous 
pressures may be transmitted by concrete u^der such restraint. If we 
consider that the anchored bar was developing a sliding resistance of 
325 lb. per sq. in., as in the tests of bars without anchorage, we must 
conclude that the remaining stress was being taken by bearing on the 
concrete under the nut. As shown in the figure, this bearing stress must 
account for a bond stress of 600 lb. per sq. in. over the entire em- 
bedded area, or a total stress of 11 300 lb. This stress was taken in bear- 
ing by an area of about 0.87 sq. in., equivalent to a bearing stress of 
13 000 lb. per sq. in. 

The bars anchored with nuts and washers gave values much the same 
as the bars without anchorage up to an end slip of about 0.001 in. After 
this point the bond resistance increased more rapidly than in the case 
of bars anchored with nuts only. These specimens also failed by split- 
ting the concrete blocks. 

53. Bars Anchored hy Means of IIoolcs and Bends. — Two groups 
of tests were made with bars anchored by means of hooks and bends, 
as shown in Table 19. One group consisted of % and 1-in. plain rounds 
having the free end bent to the form of ■l^ or % the circumference of 
a circle 3 in. in diameter. The other group was anchored by means of 
2-in. lengths of bar bent at angles of 45°, 90°, 135° and 180° with the 
projected axis of the bar. The forms of these specimens are shown in 
Fig. 36. The specimens were reinforced against splitting by means of 
a spiral of ^-in. wire as in the tests with deformed bars. In these tests, 
values for slip of bar could not be determined, since the curved or 
bent portions of the bars were entirely embedded in the concrete. The 
values for maximum bond resistance were computed by dividing the 
total load on the bar by the superficial area of the length of bar em- 
bedded in the concrete, without making any allowance for the load 
taken in direct bearing. The maximum bond resistance computed in 
this way varied from about 600 to 1000 lb. per sq. in. The bars an- 
chored with 14 circumference gave higher resistance than those with 
y2 circumferences for both sizes of bar. This is probably due to the 
fact that in the latter tests a larger embedded area was used in com- 
puting the unit stresses, and indicates that the added length of the 
hook does not have a proportional effect in resisting a load tending to 
withdraw the bar. As may have been expected, the bars with ^ cir- 
cumference anchorage gave results almost identical with those of the 
bars with 45° bends. The %-in. bars with different angles of bend 
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did not give very consistent results, but in the tests with 1-in. bars the 
values increase with the apgle, being greatest for the 180° bend. The 
high resistance found for the bars with 180° bend is doubtless due to 
direct bearing of the end of the bar against the concrete. 

53. Discussion of Tests with Anchored Bars. — The tests with 
bars anchored with nuts and washers show that movement of the bar 
begins at the same load as in tests with bars without anchorage. As was 
pointed out in the discussion of tests with deformed bars these tests 
show that a small movement of the bar was necessary to bring the com- 
paratively large area of the S^^-in. washer to a bearing and the useful- 
ness due to the adhesion and sliding resistance of the bar itself has been 
largely destroyed. Tests of reinforced concrete beams made at the 
University of Illinois (not reported in this bulletin) in which the longi- 
tudinal reinforcing bars were anchored at their ends by means of nuts 
and bearing plates, show that this form of anchorage has little effect 
in increasing the resistance of beams to web failure. It will be seen 
later that in tests of simple reinforced concrete beams without web 
reinforcement, web failures may be expected to follow immediately after 
the appearance of a very small amount of end slip in the longitudinal 
reinforcement. 

In a certain sense the designers of anchorages of this kind have 
attempted to accomplish the impossible, since it is generally assumed 
that in this way slip of bar is entirely prevented, whereas a certain 
amount of slip is essential to bring such an anchorage into action. How- 
ever, end anchorage of this form may be effective in preventing total 
collapse or as a safeguard against defective workmanship which results 
in inferior bond resistance, but it may not be expected to be effective 
under ordinary working conditions, since under working loads stresses 
which cause a general movement of the bar are not permissible. The 
amount of movement necessary to bring this form of anchorage into 
action can be minimized by proper design of the details. The use of 
washers or bearing plates of ample area and stiffness which are rigidly 
attached to the reinforcing bar will accomplish much in increasing the 
usefulness of this form of anchorage. 

It should be pointed out that the remarks above are not intended 
to apply to the form of anchorage used in certain buildings, in which 
the longitudinal beam reinforcement is anchored to the structural mem- 
bers of the supporting columns by means of nuts and bearing plates 
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and subjected to a tensile stress before the concrete is placed. In this 
case the beam has certain advanatages in addition to those arising from 
beam action. 

It is impossible to interpret the tests with bars anchored by means 
of hooks and bends in a way that will indicate the true value of this 
form of anchorage. In all the tests except those with 180° bend, evi- 
dence of the straightening-out of the bars was observed at loads from 
70% to 90% of the maximum. Although the blocks were reinforced 
against splitting, the concrete of many of the specimens was badly shat- 
tered at the maximum load. It is apparent that very high bearing and 
bursting stresses were produced in the concrete. The ill effects of 
these stresses can be reduced by the use of circular bends of longer 
radii than those employed in these tests. 

g. Miscellaneous Tests. 

54. Preliminary. — During the season of 1913 numerous pull-out 
tests were made which are of interest in indicating the influence of 
methods of loading which are different from that used in the tests de- 
scribed above and which indicate the effect of varying other details in 
the method of making and testing the specimens. These include the 
effect on bond resistance of different positions of the bar during mold- 
ing, effect of distribution of load over lower face of block, effect of 
method of applying load in pull-out tests, double pull-out tests, repeated 
loads on pull-out specimens, effect of pressure during setting on bond 
resistance and on the compressive strength and the effect of loads re- 
applied after failure in bond and in compression. The results of these 
tests are given in Tables 30 to 24, inclusive. 

55. Repeated Load on Pull-out Specimens. — ^We have seen in the 
foregoing discussion that it was desirable to use the bond resistance 
developed at a small amount of slip as the basis of comparison. This 
made it desirable to determine the effect of reapplying the load which 
caused first slip of the bar. Three tests of this kind were made on 
pull-out specimens. In Art. 90 similar tests on reinforced concrete 
beams are referred to. Fig. 38 gives the load-slip relation for a %-in. 
plain round bar embedded in 1-3-4 concrete. Load was applied until 
a slip of 0.001 in. was produced at the free end of the bar. It will be 
seen that slipping continues after this point during the time of releas- 
ing the load. At the next application the load was increased a small 
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amount and slipping continued under constant load. The figure shows 
the subsequent action. The stress at a slip of 0.001 in. was 83% of 
the maximum bond resistance developed. 

Fig. 39 shows the load-slip curves for two tests under repeated loads. 
The specimens were made from the same batch of concrete. In these 
tests the load was repeated which produced the smallest measurable 
amount of slip; about 0.0001 in. In the test of the %-in. round bar 
time intervals between loads are given in minutes unless otherwise 
noted. The slight recovery of slip upon release of load in the corru- 

TABLE 20. 

Miscellaneous Pull-out Tests. 

l-in. plain rounds. 1-2-4 machine-mixed concrete. Age 80 days. 
Embedment 8 in. unless otherwise noted. 
Stresses are given in poimds per square inch. 



Eef. 
No. , 


Number 

of 

Tests 


Characteristics 


Unit Bond Stress 
at End Slip of 


Maximum 
Bond 
Eesist- 




0.0005 in. 


0.001 in. 


ance 


17 


5 
6 

5 
3 

2 
2 




280 

304 
315 
240 
245 

278 

234 

191 
143 

218 


304 

330 
336 
268 
267 

315 

248 

i59 
250 




21 


Bearing over ring 1 in. wide as shown in 
Fig. 40 


370 


28 






45 


Base plate adhering to block. . . . 


318 


49 




295 


53 


Blocks cast with long end of bar upward 
(Fig. 1 (c) ) 


372 


57 


Blocks oast with bars horizontal and free to 


283 


61 


Blocks cast with bars horiaontal and held 


211 


33-36 
67,68 


Specimensof form shown in Fig. 41 

Specimens of form shown in Fig. 42, embed- 
ment 12 in 


229 
295 


37* 


Double pull-out specimens with plain bars 
as in Fig. 1 (d) 


179 


37* 


Second test on bars which did not pull out 
in first test . . . 


268 


41* 


Double pull-out specimen with cold-rolled 
bars ..... 


79 


41* 


Second test on bars which did not pull out 


90 









* The load was applied to these specimens through nuts at the free ends of the bars 
Measurements of slip of bar were not taken. In each specimen of this form, failure in 
the first test was due to the pulling out of the bar which was embedded in the top por- 
tion of the specimen as it was molded. In the first tests the concrete blocks were sub- 
jected to a tensile stress. In making the second tests the specimens were set in the ma- 
chine in the usual way for pull-out tests, and load applied to the bars which remained 
intact after the first tests. 
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gated bar test is noteworthy; there is no indication of such elastic re- 
covery in the plain bar tests. These tests show that the repetition of the 
load which produces first slip of bar will cause a continued slipping, and 
if repeated a sufficient number of times would probably produce a slip- 
ping sufficient to endanger a structure. ISTot enough data are available 
upon which to base conclusions as to the values of the bond stress which 
may be indefinitely repeated without producing failure. 
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Fig. 40. Load-slip Curves for Miscellaneous Pull-out Specimens. 



56. Effect of Distribution of Load on Face of Concrete Block. — 
In Table 30 the results of tests which were made to study the effect on 
the bond resistance of a wide variation in the distribution of the load 
over the lower face of the concrete block in pull-out tests are given. It 
makes little difference whether the load is distributed uniformly over 
the entire base of the block or concentrated over an annular ring cover- 
ing only the outer or the inner portion of the block. Whether the block 
rests directly on a rubber cushion or adheres to the base plate, has little 
effect on the bond resistance. The load-slip curves for these tests are 
given in Fig. 40. 

57. Effect of Position of Bar During Molding. — In Table 20 the 
results of tests on pull-out specimens which were molded with the bars 
in different positions are given. In one set of tests the bar was sup- 
ported by the form in such a way that settlement with the concrete was 
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prevented. Specimens were also made in which the long end of the bar 
was upward as the specimen was molded. Load-slip curves are given 
in Pig. 40. These tests show the effect of the settlement and shrinkage 
of concrete during the setting and hardening. Por plain rounds it 
makes no difference whether the concrete settles in the same or in the 
opposite direction to that of the withdrawal of the bar. The effect on 
deformed bars is discussed in Art. 64. The specimens molded in a hori- 
zontal position gave distinctly lower bond resistances than those with 
bars vertical; and if the settlement of the bar with the concrete was en- 
tirely prevented, sliding resistance was very low and the maximum bond 
resistance was reduced to about 60% of that found for pull-out speci- 
mens from the same batch made with the bars in a vertical position. 
This shows one disadvantage of fixing the horizontal bars too rigidly 
in place before placing the concrete in a reinforced concrete member. 

58. Effect of Method of Applying Load in Pull-out Tests. — Speci- 
mens of the form shown in Pig. 41 were made in order that measure- 
ments might be made on slip of bar at the point where the bar enters the 
concrete block, as' well as at the free end. The load-slip curves for 
points A and B show- this relation. Slipping begins at B at an average 
bond stress of about 70 lb. per sq. in. on the bar and reaches 0.001 in. 
at this point at an average stress of 136 lb. per sq. in. Slip at B 
reaches about 0.001 in. before slipping becomes appreciable at A. As 
may have been predicted, the curves indicate that slipping becomes 
general as soon as movement begins at A, and thereafter there is a nearly 
constant difference in the amount of slip measured at A and B. Part 
of the movement at A which, in the above statement, has been assumed 
to be slip at early loads, may be due largely to deformation in the 
lower face of the block. 

Specimens of the form shown in Pig. 43 were made in order to 
measure the slip at several points along the embedded length. Meas- 
urements were made at points A to E at intervals of 3 in. It was de- 
sired to reproduce in a pull-out specimen the conditions of bond stress 
that exist near the end of a reinforced concrete beam, but the conditions 
in a beam were only imperfectly reproduced. The curves arrange them- 
selves in two distinct groups. D and E show slipping to begin at a 
low bond stress; a much higher stress is required to produce slip at C. 
These specimens were made with the bar in a horizontal position; it was 
seen above that this has the effect of giving a lower bond resistance than 
was found in specimens molded with the bar vertical. 
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Fig. 41. Load-slip Curves for Specimens of the Form Shown. 

EesTilts of double pull-out tests of the form shown in Fig. 1 (d) 
with ordinary round and cold-rolled bars are given in Table 30. Bach 
bar was embedded 8 in. in a 16-in. cylinder of concrete. The maximum 
bond resistance in the double pull-out tests on ordinary bars was 179 
lb. per sq. in., as compared with 375 for the usual pull-out specimens. 
It is of interest to note that in all the double pull-out tests the bar 
which was embedded in the upper portion of the cylinder was the one 
to pull out in the first test. The bar which did not pull out in the first 
test was later pulled out by supporting the block in the testing machine 
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in the usual way for pull-out tests. The higher hond resistance given by 
the lower bar may be due in a measure to the concrete being protected 
against drying-out, as well as to the influence of the slight pressure under 
which setting occurred. The difference between the values for the first 
and second tests may be expected to show the influence of the different 
conditions of loading, but the entire difference in bond resistance cannot 
be attributed to this cause, since the bar with the lower bond resistance 
would be the one to pull out in the first test. 




o ae a>4 j)ot a>e o nos xxn /job ooa o/o joia xxa jxe .oia ^bo 
J//p of Bar ~/nc/tes 

Fig. 42. Load-slip Curves for Specimens of the Form Shown. 



59. Autogenous Healing in Concrete. — The term "autogenous 
healing" may be applied to an interesting group of phenomena which 
were brought out in the tests on pull-out specimens loaded one or more 
times after having been previously tested to their maximum resistance, 
and in the compression tests on concrete cylinders which had been loaded 
to failure at an earlier age. These tests were suggested by certain ob- 
servations made by the writer during the summer of 1911, while con- 
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ducting a load test on a 40-ft. through girder reinforced concrete bridge 
for the Illinois Highway Commission.* This test bridge was built by 
convict labor in December, 1907, inside the prison yard at the Southern 
Illinois Penitentiary near Chester, under the direction of Mr. A. N. 
Johnson, State Highway Engineer. In May, 1908, a test load amounting 
to 106 tons was placed on the bridge floor and removed. This load was 
sufficient to cause numerous diagonal tension cracks in the web near the 
ends of the girders. These cracks were very minute and were not 
observed until subsequent weathering brought them out. Before begin- 
ning the 1911 test all such cracks were carefully mapped, and the girders 
whitewashed. At this time crushed stone and pig iron were piled on 
the bridge floor and on the girders' sufficient to give a live load of 309 
tons on one girder. During the progress of the loading, some of the 
original cracks re-opened at loads much higher than that applied in the 
first test. Many of the original cracks, however, did not le-open under 
the final load, although new cracks sometimes formed in the immediate 
vicinity. The bridge was about four months old when first loaded, but 
it is probable that the concrete strength was not greater than would 
have been found at, say, two months, under more favorable tempera- 
ture conditions. The behavior of the girders could be partially accounted 
for in the increased strength and stiffness of the concrete acquired during 
a period of more than three years since the first test; but this would 
scarcely account for the concrete of the girders being able to develop, 
without re-opening some of the cracks, a diagonal stress which was equiv- 
alent to about 6 times the stress which originally caused them. The 
only reasonable explanation was that the fractured surfaces of the 
concrete at the cracks had "knit" together and entirely healed during 
the interval between the tests, giving a joint which was in many in- 
stances stronger than the unbroken concrete. The tests described in 
the following articles on the efl'ect of loads reapplied after failure in 
bond and compression were planned to throw further light on this sub- 
ject. The phenomena discussed in Art. 60 and 63 are only other mani- 
festations of the effect of retarded or interrupted hydraulicity, which 
have frequently been observed in tests on concrete setting under low tem- 
peratures, retempered concrete, cement reground after setting, etc. 

60. Effect of Loads Reapplied after Failure of Bond. — Tests were 
made on 63 pull-out specimens to determine the effect of reapplying 

* "Test of a 40-ft. Reinforced Concrete Highway Bridge," by D. A. Abrams. Proceedings 
of the American Society for Testing Materials, 1913, 
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loads to specimens which had been tested to failure some time before the 
retest was made. Both plain and cold-rolled round bars were used. The 
specimens were stored under various conditions. See Table 21. Some 
of these specimens have been loaded as many as five times, and the 
tests will be continued. 

The load-slip curves for two of the groups of tests in Table 31 are 
given in Pig. 43 and 44. The numbers in parentheses adjacent to the 
curves correspond to the number given to the tests in the table and indi- 
cate the order of loading. All specimens in a group were made from 
the same batch of concrete. 

Group (a) was a preliminary series. At the age of 5 days part of 
the bars were pulled out 0.001 in. at the free end and the remainder to 
the maximum load, which came at an end slip of about 0.01 in. Some of 
the specimens' were then stored in water and some in air. In the sub- 
sequent tests on these specimens all bars were pulled out 0.1 in. 

It makes little difference in the subsequent tests whether the bars 
are pulled out 0.001 in. or 0.01 in. at the first test; in fact those pulled 
to 0.01 in. gave somewhat higher values in the second tests. With one 
exception (No. 3) the specimens stored in water during the interval 
between the first and second tests show considerably higher values than 
those stored in air. For all the specimens in this group the maximum 
bond resistances for the third test average 24% greater than those for 
the second tests made 4 or 5 months earlier when the concrete was 1 or 
2 months old. The fourth tests, after another interval of 4 months, 
when the concrete was 10 months old and the bars had previously been 
pulled out over 0.2 in. gave maximum bond resistances which average 
the same as the second test at 1 or 3 months — about 290 lb. per sq. in. 
It is interesting to note that the period of 1 or 2 months in air follow- 
ing the first tests had the effect of temporarily retarding the increase of 
bond resistance which was largely overcome by the subsequent period 
of water storage. 

Group (b) consisted of two pai'allel series of tests on 1-in. plain 
round bars stored in air and in damp sand. In all these tests the bars 
were pulled to the maximum load, corresponding to an end slip of about 
0.01 in. Two specimens for each condition of storage were tested at 
5 days, 30 days, 3 months, and 1 year. At each test period, all speci- 
mens which had been tested previously were loaded to the maximum 
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TABLE 21. 
Effect of Loads Reapplied after Failure of Bond. 

Pull-out tests; embedment 8 in. in an 8-in. cylinder of concrete. Load-slip curves are 
given in Fig. 43 and 44. Stresses are given in poimds per square inch. 



No. 


Am 


ot 


at 


Teste 


Test 



Remarks 



Bond Stress at End Slip of (inches) 



0005 .001 .002 .005 .01 .02 .05 .10 



Max. 
Bond 

Resist- 



(a) 1-in. Plain Rounds; 1-2-4 Hand-mixed Concrete (1912). 
Bar puUed out 0. 1 in. in each test unless otherwise noted. 



1 


5 daya 




40 daya 




6 mo. 




10 mo. 




21 mo. 


2 


5 daya 




72 days 




5 mo. 




10 mo. 




21 mo. 


3 


5 days 




72 daya 




5 mo. 




10 mo. 




21 mo. 


1 


5 days 




40 days 




6 mo. 




10 mo. 




21 mo. 


2 


5 days 




40 days 




6 mo. 




10 mo. 




21 mo. 


3 


5 days 




72 days 




5 mo. 




10 mo. 




21 mo. 



teat.. 



(1) Pulled to .001 in 

(2) Stored in air 

f4i 1®'°'^^ '^ water after second 
(5) J 



CI) Pulled to .001 in. 
(2) Stored in air 

Ml iStored in water after second 

(5) 



test.. 



(1) Pulled to .001 in.. 

(2) Stored in water.. . 

(3) Stored in water.. . 

(4) Stored in water.. . 

(5) Stored in water. . . 



(1) Pulled to maximum 

(2) Stored in air 

SaI [stored in water after second 

fl!l *«' 

(1) Fulled to maximum 

(2) Stored in water.-. 

(3) Stored in water 

(4) Stored in water 

(5) Stored in water 

(1) PuUed to maximum 

(2) Stored in water 

C3) Stored in water 

C4) Stored in water 

(5) Stored in water 



143 
199 
278 
233 
223 

169 
179 
171 
161 
185 

142 
211 
260 
182 
187 

154 
139 
171 
145 
159 

189 
243 
277 
230 
222 



243 



229 
233 
214 
224 



251 
326 
237 
214 

167 
207 
207 
200 
191 

214 



252 



199 
313 



246 
219 



285 



223 



215 
207 







(b) 1- 


in. Plain Rounds; 1-2-4 Machine-mixed Concrete 


(1912). 






113 


2 

2 

2 

2 
2 

2 

2 
2 


5 daya 
1 mo. 
3 mo. 

lyr. 

1 mo. 
3 mo. 
1 yr. 

3 mo. 

lyr. 

lyr. 

5 days 
1 mo. 
3 mo. 
1 yr. 

30 daya 
3 mo. 
1 yr. 

3 mo. 
1 yr. 

1 yr. 


(1) 1 

(2) 1 Stored in air 
(3> Pulled to maximum 
(4) 

(3) J 

(1) do. 


1 

{ 


113 
192 
177 
39 

162 
165 
41 

175 
38 

81 

134 
265 
1272 
1407 

230 
307 
390 

354 
407 

424 


124 

216 

220 

55 

173 

208 

69 

194 
67 

119 

154 
301 
310 
425 

238 
348 
430 

378 
453 

443 


132 

237 

243 

73 

188 

234 

92 

215 
113 

147 

165 
318 
376 
452 

256 
376 
443 

395 
478 

446 


149 
246 
259 
90 

215 
258 
162 

247 
159 

173 

170 
320 
384 
457 

275 
384 
458 

397 
481 

450 


162 
250 








162 










350 










269 




170 

248 
265 
190 

265 
178 

188 
177 


161 






208 


117 






263 










288 


121 


207 


212 




213 
286 


125 


190 

217 


198 




198 
218 


115 


(1) 








177 




(2) 
(3) 
(4) 


Stored in damp sand 
Pulled to maximum 








320 












384 




457 

289 








457 


11» 


(2) 1 do. 
l3) 








293 










384 




462 








462 


123 








400 












485 


127 


(1) 


do. 










451 
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TABLE 21— Continued. 



No. 


Age 


ot 


at 


Teata 


Test 



Remarks 



Bond Stress at End Slip of (inches) 



0005 .001 .002 .005 .01 .02 .05 .10 



Max. 
Bond 
Resist- 
ance 



(c) 1-in. Polished Rounds; 1-2-4 Machine-mixed Concrete.* (1912). 



101 


2 

2 

2 
2 

2 
2 


5 days 
1 mo. 
3 mo. 

1 JT. 

1 mo. 
3 mo. 
lyr. 

3 mo. 
lyr. 

5 daya 
1 mo. 
3 mo. 
1 yr. 

1 mo. 
3 mo. 
lyr. 

3 mo. 

lyr. 


(1) 1 


1 


119 
108 
80 
31 

189 
112 
23 

152 

29 

119 
151 
158 
210 

148 
147 
178 

212 
133 
















119 




(2) Stored in air 

(3) Fulled to maximum 

M) J I 

1 ) 


111 
91 
32 














111 
















95 














32 


lOS 















192 


















120 




23 














23 


109 














162 




33 














47 


103 


(1) 
(2) 
(3) 
(4) 


Stored in damp sand 
Fulled to maximum 














122 




168 














170 
















164 


















210 


107 


(1) 

(2) i do. 

(3) , 


167 














157 
















147 


















178 


111 


224 














224 
















133 

























(d) 1-in Plain Rounds from 1912 Beam Series; 1-2-4 Hand-mixed Concrete.' 
Bar pulled out 0.1 in each test. 



3 


2 mo. 




7 mo. 




11 mo. 




21 mo. 


3 


2 mo. 




7 mo. 




11 mo. 




21 mo. 


3 


2 mo. 




7 mo. 




11 mo. 




21 mo. 


3 


2 mo. 




7 mo. 




11 mo. 




21 mo. 


3 


2 mo. 




7 mo. 




11 mo. 




21 mo. 


3 


2 mo. 




7 mo. 




11 mo. 




21 mo. 



Stored in air 

Stored in water after first test- 



(1) Stored in air. 

(2) , 

(3) ^Stored in water after first test^ 
(4) 



Stored in air 

Stored in water after first test' 



Stored in mt 

Stored in water after first test. . 

I Stored in air after second test^ 



Stored in air 

Stored in water after first test. 



Stored in air after second testj 



Stored in air. 
Stored in water after first test- 



373 
298 
240 
271 

331 
252 
220 
212 

405 
233 
184 
199 

397 
194 

218 
71 

525 
262 

236 



258 
220 
183 
190 



255 



241 



134 

326 
316 
245 
225 



447 
370 
312 



287 
266 

417 
296 
257 
248 

379 
264 

243 
140 

547 



150 

330 
295 
250 
232 



409 



* Groups (b) and (c) were made from the same batch of concrete. Compressive 
strength of 6 6-in. cubes, tested at 3 mo., 2720 lb. per sq. in. 

° Compressive strength of 18 6-in. cubes, tested at 63 days, 2360 lb. per sq. in. 
'*' 1-in. plain square bars. 
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again. Thus, as indicated in the table, some of the specimens have been 
loaded to their maximum as many as four times. The load-slip curves 
are given in Pig. 43. The notable feature of these tests is that the 
water-stored specimens which had been previously loaded to a maximum 
once, twice, or three times, gave values greater than or equal to those 
found in the specimens, which at the same age, were loaded for the first 
time. The same statement is true of the air-stored specimen, except that 
all the 1-year tests, both on specimens which had been previously loaded 
and those loaded for the first time, gave lower values. The two pairs 
of specimens tested at 5 days gave nearly identical results, as may have 




Sip of Bar- Inches 

Fig. 43. Load-slip Curves for Loads Reapplied after Failure of Bond. 



been expected, since the difference in storage conditions would not affect 
the relative strengths at that age. During the interval between the first 
and second tests of these specimens (5th to 30th day) the relative in- 
crease in maximum bond resistance is about the same for air storage and 
damp sand storage— 37% and 30%; during the interval between the 
first and second tests of specimens No. 117 and 119 (1st to 3rd month) 
the increase was 9% and 31%, respectively. 

Group (c) was similar in every way to group (b) except that pol- 
ished bars were used. It was thought that by comparing the behavior 
of plain and polished bars in these tests, additional information as to 
the components of bond resistance would be obtained. Generally, only 
one observation on slip of the end of the polished bar within the maxi- 
mum load could be obtained. The maximum bond resistance came in 
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Fig. 44. Load-slip Curves for Loads Reapplied after Failure of Bond. 
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all the tests at a slip of about 0.001 in. The results of these tests are 
not as consistent as those on plain bars, but some interesting facts are 
brought out. 

A study of the tests in groups (b) and (e) indicates that the bond 
resistance which is developed before the free end of the bar of the Size 
used in these tests has slipped, say, 0.001 in. is due to adhesion. The 
value of this adhesion is dependent on the amount of moisture present 
and the age of the concrete. In the ease of the polishd bars the original 
bond resistance was generally regained in the specimens stored in damp 
sand, but the increase with age was small. The air-stored specimens 
show about the same bond resistance as the sand-stored specimens in the 
first tests, but upon reapplication of load there is a material falling-oil 
in strength. With the round bars of ordinary sui'face the adhesive re 
sistance was entirely restored, except in the 1-year tests on air-stored 
specimens. The amount of increase in bond resistance apparently de- 
pends upon the presence of the water necessary for the continuation of 
the hydraulic action of the cement. The drying-out of a specimen after 
a certain period interferes with the phenomenon here discussed. 

Group (d) included 6 sets of pull-out specimens from the 1912 
beam series. All of these specimens were stored in air up to the time 
of the first test at the age of 2 months. In each of the tests the bar 
was pulled to an end slip of 0.1 in. The load-slip curves are given in 
Fig. 44. These tests are of interest in showing what may be expected 
when the specimens have attained a considerable age before the first 
failure of bond. In no instance were the values from the second to 
the fourth tests, as high as found in the first tests. The average values 
for all the specimens with plain round bars (disregarding minor varia- 
tions in storage conditions) are 40f>, 246, 220 and 167 lb. per sq. in. for 
the first, second, third and fourth tests, respectively, at a slip of 0.001 
in. ; and 467, 327, 281 and 237 lb. per sq. in. for maximum bond resist- 
ance. It will be recognized that the conditions in this group were the 
most adverse of any of the groups in which the load was reapplied after 
failure. The bond resistance did not subsequently reach the amount 
found in the first tests, but it is noteworthy that even at the fourth 
loading comparatively high values of bond resistance were found. 

The foregoing tests are of value in showing that a considerable 
displacement of the bar, and a frequent disturbance of the bond be- 
tween the concrete and steel, even several days or weeks after placing 
the concrete, does not necessarily produce permanent weakness. If 
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disturbance occurs after a longer period the final effect will probably 
depend upon whether sufficient moisture is present in the concrete. 
These results give added confidence to the permanency of bond and 
indicate that plain bars may properly be used^in certain classes of work in 
which they have sometimes been considered unsuitable. It should be 
noted that the specimens were unstressed in the interval between 
loadings. 

61. Bond Resistance of Concrete which Set under Pressure. — r 
As a means of gaining further knowledge as to the nature of bond 
resistance, a few tests were made on specimens in which the concrete 
was caused to set under pressure. 1-in. plain rounds, 1-in. cold-rolled 
rounds and 1%-in. corrugated rounds were used. The pressures used 
were 0, 6, and 100 lb. per sq. in. The specimens were molded in. the 
usual way, except that in the specimens which set under a pressure of 
100 lb. per sq. in. the long end of the bar was upward. The pressure 
was applied immediately after placing the concrete in the form. A 
circular plate with a central hole which allowed the rod to pass through 
was placed inside the form on tJie fresh concrete. The 6-lb. per sq. in. 
pressure was obtained^by piling weights on the cover plate; the 100-lb. 
per sq. in. pressure was obtained by setting the form in a pan on the 
bed of a testing machine and running the head down onto a nest of 
springs, which transmitted the load to the cover plate. These loads 
remained on the specimens for 5 days'. After removal from the forms, 
the specimens were stored in damp sand. The tests are summarized in 
Table 33. The load-slip curves are given in Pig. 45. The increase of 
maximum bond resistance and other properties with the pressure under 
which the concrete set are shown in Fig. 47. The maximum bond resist- 
ance for plain bars in concrete which set under pressures of 6 and 100 
lb. per sq. in. are 9% and 91% higher, respectively, than the correspond- 
ing values for concrete setting under no pressure. In the case of the 
cold-rolled rounds, the increase due to the pressure was slight. The value 
for 6 lb. per sq. in. pressure seems abnormally high. 

The corrugated bars show a large increase in bond resistance due 
to the pressure. These values cannot be compared directly, since some 
of the specimens were tested without removing the steel-pipe forms in 
which they were made. However, the corrugated bars show an increase 
in bond resistance of about 100% as compared with specimens tested 
under similar conditions which had set without pressure. The specimens 
which set under a pressure of 6 lb. per sq. in. (No. 91) show an in- 
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crease of 66% to 90% as compared with the values for the same amoTint 
of slip in the specimens setting without pressure. The concrete blocks 
split in these two sets of tests at the same slip — 0.02 in. Specimens No. 
93 made and tested in a steel form gave very high values. No. 89 
shows the effect of leaving the steel form in place during the test of a 
specimen which set without pressure; No. 95 shows the effect of casting 
the specimen with the long end of the bar upward. For a discussion of 
other tests with corrugated bars showing the effect of reinforcing the 
block against bursting, see Art. 64. 



TABLE 22. 
Bond Resistance of Concrete which Set under Pressure. 

1-2-4 concrete, machine-mixed; embedment 8 in. Age at test 80 days. 
Stresses are given in pounds per square inch. 





Num- 
ber of 
Teata 


Cbaracteriatics 


Bond Streaa at End Slip of— inches 


Man- 
mum 


Hef. 
No. 


.0005 


.001 


.002 


.005 


.01 


.02 


.05 


.10 


Bond 
Re- 
sist- 
ance 



(a) 1-in. Plain Rounds. 



71 
73 



Without pressure 

Concrete set 5 dajrs under pres- 
sure of 6 lb. per sq. in 

Concrete set 5 days under pres' 
sure of 100 lb. per sq. in 



273 


302 


328 


345 


,351 


350 


320 


290 


221 


256 


288 


332 


363 


378 


351 


297 


387 


457 


516 


631 


671 


673 


570 


177 



353 
378 
871 







(b) 1 


-in. Cold-Rolled Rounds. 










79 


2 

1 

2 




Ill 
222 
119 
















HI 


81 


Concrete set 5 days under pres- 
sure of 6 lb. per sq. in 

Concrete set 6 days under pres- 
sure of 100 lb. per sq. in 
















222 


83 












91 


81 


163 





















(c) l}^-in. Corrugated Rounds 












85 


2 
2 

2 

2 
2 

1 


Without pressure. No spu-al . . 
Without pressure. Spiral- 
See FIk. 1 fb) 


231 
211 
317 
380 
682 
108 


248 
279 
101 
113 
937 
508 


258 
311 
120 
188 
1180 
590 


27S 
359 
138 
603 
1117 
687 


312 
112 
516 
617 
1600 
793 


311 

517 
605 
672 
1733 
831 






375 


87 


809 
856 


1115 
1070 


1115 
1070 


89 


Without pressure, in steel pipe 


91* 


Concrete set 5 days under pres- 
sure of 6 lb. per sq. in 

Concrete set 5 days under pres- 
sure of 100 lb. per an. in 

Cast with long end of bar up- 
ward as in Fig. 1 (c); spiral. , 


720 


93' 






1960 


95 


1110 


1250 


1250 



* Specimens molded in forms made of 8-in. sections of 8-in. steel pipe. The forme 
were cut off at age of 5 days. 

° Tested with steel pipe form in place. 
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63. Compression Tests of Concrete which Set under Presswe. — 
In order to make a further study of the effect of allowing concrete to 
set under pressure, a series of compression tests was made on 8 by 
16-in. cylinders. It is believed that these tests are of sufficient interest 
to warrant their inclusion in this report. Seventeen cylinders were 
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Fig. 45. Load-slip Curves for Miscellaneous Pull-out Specimens. 



made from a single batch of concrete. Two of these were allowed to 
set under normal conditions; three set under a pressure of 6 lb. per" 
sq. in.; five set under 20 lb. per sq. in. and five under 100 lb. per sq. in. 
Some of the specimens remained under pressure for 1 day, some for 
7 days and some during the entire period of storage. Two specimens 
set for seven days under 3 lb. per sq. in., after which they were placed 
in a testing machine and loaded at the rate of 100 lb. per sq. in. per 
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week until a total load of 500 lb. per sq. in. had been applied; this load 
then remained on the cylinders until they were tested at the age of 80 
days. The method of applying the pressure during the setting and 
hardening of the concrete was similar to that described in Art. 61 for 
the pull-out specimens. 

Details of these tests are given in Table 23. Five of the cylinders 
were tested at 7 days; and the remainder at age of 80 days. The retest 
of the five cylinders which were originally tested to failure at 7 days 
will be discussed in Art. 63. 

Deformations were measured over a 10-in. gage length by means of 
a wire-wound instrument which was a modified form of the Johnson 
extensometer. The weight of the concrete, the compressive strength, 
and the initial modulus of elasticity of the cylinders are given in the 
table. Typical stress-deformation curves are given in Fig. 46. The 
variation in compressive strength, initial modulus of elasticity, and 
density with the change in pressure are shown in Fig. 47. 

The first notable feature of these tests is that it makes little or 
no difference in the strength and properties of the cylinders, whether 
the concrete remained under pressure for 1, 7 or 77 days. In other 
words, if the concrete takes its final set and hardening begins under 
pressure there is nothing to be gained by continuing the pressure for a 
longer period. For this reason the values for all the cylinders for each 
pressure which were tested for the first time at an age of 80 days 
were averaged in computing the percentages in. Fig. 47. The consist- 
ency of the values indicates that the pressure probably had the effect of 
producing an unusually homogeneous concrete and justifies us in placing 
confidence in the results of the tests. The stress-deformation curves 
in the lower right section of Fig. 46 show the effect of different pres- 
sures on the compressive strength and the modulus of elasticity of 
these cylinders. The compressive strength was increased from 1840 lb. 
per sq. in. for no pressure to 3140 lb. per sq. in. for a pressure of 100 
lb. per sq. in. — an increase of 73%. The compressive strength of the 
8-in. cylinders setting without pressure is 91% of that for 6-in. cubes 
tested at the same age. The curve in Fig. 47 indicates that over one-half 
the increase occurred at pressures below 20 lb. per sq. in. It seems prob- 
able that the strength of the concrete which was subjected to a pressure 
of 100 lb. per sq. in. was considerably reduced by the loss of the water 
which was forced out when the pressure was first applied, owing to open- 
ings around the cover plate. On account of the danger of getting the 
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TABLE 23. 



Compression Tests of Concrete which Set under Pressure. 



The test pieces were cylinders 8 in. in diameter, 16 in. long. Concrete 1-2-4, 
machine-mixed. All specimens were made from the same batch. The cylinders were 
stored in damp sand after seven days except those setting under pressure for a longer 
period and those tested originally at age of seven days. The cylinders which set under 
pressure longer than seven days remained in the forms until they were prepared for 
testing; those tested at seven days were placed in water imtil the time of the second test. 

The compressive strength of 6 6-in. cubes tested at 77 days was 2010 lb. per sq. in. 











Weight 


Compress- 


Initial 






Pressure 


Duration 


of 


ive 


Modulus 


Ref. 


Age at 


During 


of 


Concrete 


Strengtll 


of 


No. 


Test 


Setting 


Pressure 


lb. per 


lb. per 


Elaatioity 




days 


lb. per aq. in. 


days 


cu. ft. 


sq. in. 


lb. per sq. in. 


601 


7 








142.5 


/ 725 
\1850° 


1 600 000 1 

2 370 000*/ 


501 


80 










502 


80 










1820 


3 100 000 


503 


80 


6 


1 




2220 


3 480 000 


504 


80 


6 


7 




2170 


3 600 000 


505 


80 


6 


77 


i42:5 


2220 


3 820 000 


506 


7 


20 


1 


148.5 


/1240 
\2450' 


2 000 000 \ 


506 


80 


20 


1 




3 800 000*/ 


507 


80 


20 


1 




2350 


3 880 000 


508 


7 


20 


7 


mi) 


/1087 
\1935* 


2 2.W 000 \ 

3 240 000'/ 


608 


80 


20 


7 




609 


80 


20 


7 




2670 


3 800 000 


510 


80 


20 


77 


i48!6 


2850 


3 520 000 


511 


7 


100 


1 


148.2 


(1670 
\3060* 


2 500 000 1 
4 400 000'/ 


511 


80 


100 


1 




512 


80 


100 


1 


i47!6 


3110 


4 400 000 


513 


7 


100 


7 


149.6 


/1450 
\2430* 


2 600 000 1 

3 800 OOO*/ 


513 


80 


100 


7 




614 


80 


100 


7 


i49!6 


3140 


4 000 000 


615 


80 


100 


77 


148.0 


3160 


4 400 000 


516° 


80 






143.0 


1865 


2 640 000 


617° 


80 






145.0 


2000 


2 720 000 



* Second test on the same specimen. 

° Set under pressure of 3 lb. per sq. in. for seven days; forms removed and cylinders placed in testing machine, 
under pressure as follows: 

100 lb. per sq. in. 7tb to 14th day; 

200 lb. per sq. in. 14tb to 2l8t day; 

300 lb. per sq. in. 2l8t to 28th day; 

400 lb. per sq. in. 28th to 36th day; 

600 lb. per sq. in. 35th to 80th day. 
The storage of these rylinders differed from the others in that they were exposed to the air after age of seven days. 
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Fig. 46. Steess-deformation Curves for 8 by 16-in. Concrete Cylinders. 
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cover plate wedged in the form in applying the pressure to the fresh 
concrete, a close fit was impracticable. Under a pressure of 100 lb. per 
sq. in. the length of the 16-in. cylinder was shortened nearly 1 in. and 
as much as a quart of water was forced out. 

The initial modulus of elasticity increased from 3 100 000 lb. per 
sq. in. for the cylinders without pressure to 4 300 000 lb. per sq. in. for 
those setting under 100 lb. per sq. in.; an increase of about 37%. As 
in the case of the compressive strength, over one-half of this increase 
occurred below a pressure of 20 lb. per sq. in. The cylinders which 
set for 7 days under a pressure of 3 lb. per sq. in. and were gradually 
loaded to 500 lb. per sq. in. (No. 516 and 517) gave about the same 
values as those setting without pressure. Apparently the difference in 
storage conditions nearly counteracted the effect due to pressure. The 
increase in compressive strength and modulus of elasticity with the pres- 
sure under which the concrete sets is more pronounced in the 7-day 
than in the 80-day tests. 

The density of the concrete as determined by the weight of the 
cylinders was increased about 4% by the pressure of 100 lb. per sq. in. 

63. Effect of Loads Reapplied after Failure in Compression. — 
An interesting instance of "autogenous healing" in concrete was found 
in the retest of five cylinders at the age of 80 days which had been 
loaded to their ultimate strength in compression at 7 days. One of the 
cylinders had set under no pressure; two set under 30 lb. per sq. in. 
and two under 100 lb. per sq. in. During the period from the 7th to 
the 80th day the cylinders were stored in water. The results of the first 
and second tests have been bracketed together in Table 33. Load- 
deformation curves for three of the cylinders are given in Fig. 46. In 
all the 7-day tests loading was continued until there was a distinct drop 
in the beam of the testing machine and the extensometer showed a rapid 
increase in deformation. The fact that the load-deformation curves are 
nearly horizontal and that a unit-deformation greater than 0.0013 in. was 
produced in all these cylinders show that they received their ultimate 
loads in the 7-day tests. Numerous vertical cracks and surface flaking 
could be seen on most of the cylinders. The compressive strength and 
modulus of elasticity for the 80-day tests averaged 93% and 64%, 
respectively, greater than for the 7-day tests of the same cylinders. The 
average compressive strength and modulus of elasticity for the retested 
cylinders are 91% and 93%, respectively, of the values for similar 
cylinders which were tested for the first time at 80 days. It is note- 
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worthy that the cylinders which set under pressure behaved in much 
the same way as those setting under normal conditions. 

Apparently a compressive stress equal to the ultimate resistance 
of concrete applied as much as 7 days after mixing (as long as the speci- 
men is not entirely shattered) does not necessarily permanently destroy 
its usefulness, if this failure is followed by a period of rest in the pres- 
ence of sufficient water to permit hydraulicity to continue. 




O lO eO 30 40 50 60 70 SO 90 /OO 
Pressure under which Concrete Set - Lb. perScf In. 

Fig. 47. ' Effect of Pressure During Setting on the 
Properties of Concrete. 

64. Effect of Reinforcing the Pull-out Specimen against Bursting. 
—In many of the pull-out tests with deformed bars, the concrete blocks 
were reinforced against bursting by means of 6 or 7 turns of a ^-in. 
wire spiral placed inside the forms. It was desired to determine what 
effect this restraint had on the load-slip relation and on the maximum 
bond stresses developed. Several specimens made with corrugated square 
and corrugated round bars were reinforced as indicated above and others 
from the same batch were without reinforcement. The results of these 
tests are given in Table 34. In nearly every case the specimens rein- 
forced with the wire spiral gave higher bond stresses at all stages of the 
test than those without reinforcement. The difference is not very great 
for ages of 2 to 7 days. For the tests made at 28 days or over the bond 
resistance at a slip of 0.001 in. for the specimens with the spiral aver- 
aged about 15% higher than those not reinforced; at the maximum load 
the values are about 50% higher. 
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TABLE 24. 

Effect of Reinforcing the Concrete Block against Splitting. 

Pull-oufc tests, embedment 8 in. All specimens were stored in damp sand. 
Stresses are given in pounds per square inch. 



Age 

at 

Test 

days 



Num- 
ber of 

Tests 



Kemarka 



Boad Stress at End Slip of— Inches 



.0005 .001 .002 .005 



.05 



.01 



(a) ^-in. Corrugated Squares, 1-1-2 Hand-mixed Concrete (Batch 20). 



15 mo. 
15 mo. 



Spiral 

Without spiral. , 



Spiral 

Without spiral. . 



Spiral 

Without spiral. . 



Spiral 

Without spiral. 



Spiral 

Without spiral.. 



Spiral 

Without spiral. , 



86 
97 


96 
111 


102 
117 


121 
131 


136 

154 


159 
174 


207 
220 


145 
108 


157 
129 


174 
148 


208 
177 


234 
196 


268 
230 


315 

258 


167 
154 


177 
166 


198 
174 


228 
218 


273 
253 


317 
298 


396 
322 


309 
258 


329 
286 


343 
316 


377 
393 


422 
480 


507 
527 


683 


445 
338 

709 
645 


498 
399 

892 
778 


555 
419 

1015 
883 


655 
499 

1165 


793 


965 


1101 


1340 


1480 













250 
236 



351 
259 



447 
322 



827 
527 



1145 
771 



1525 
1025 



(b 


H-i 


2 
2 
2 




4 

4 
4 




7 
7 
7 




39 
39 
39 


2 


61 
61 


2 
2 


5 mo. 
5 mo. 


2 
2 



^-in. Corrugated Squares, 1-1-2 Hand-mixed Concrete (Batch 23). 



Spu"al 

In 8-in. steel pipe fcrm § . 
Without spiral 



Spiral 

In steel pipe §.. 
Without spiral. , 



Spiral.. 

In steel pipe §.. 

Without spiral.. 



Spiral.. 

In steel pipe § . . 
Without spiral. . 



Spiral 

Without spiral. . 



Spiral 

Without spiral. , 



86 
91 
93 


92 
114 
105 


102 
119 
112 


138 
140 
129 


166 
166 
142 


200 
195 
180 


270 
271 
211 


146 
131 
101 


158 
145 
118 


182 
169 
123 


233 
206 
151 


279 
249 
178 


325 
300 
213 


408 
405 
258 


192 
148 
150 


216 
171 
159 


246 
190 
177 


310 
243 
194 


375 
300 
210 


450 
376 
214 


533 
495 
242 


390 
351 
386 

577 
378 

616 
474 


433 
378 
413 

660 
439 

586 
564 


458 
434 
453 

749 
489 

657 
639 


562 
654 
527 

887 
607 

829 
770 


657 
695 
579 

1019 
717 

1023 
894 


796 
861 


894 
1075 


1104 


1134 


1195 
1024 





444 
463 

264 

555 
562 
274 

906 
1152 
700 

1152 
819 

1329 
1070 



(c) IJ^-in. Corrugated Round, 1-2-4 Hand-mixed Concrete. 



76 
76 



Spiral 

Without spiral. . 



281 
235 



306 
260- 



328 
270 



374 

286 



438 
307 



535 
328 



677 
392 



846 
457 



(d) IJ^-in. Corrugated Round, 1-2-4 Machine-mixed Concrete (1912). 



Spiral 

In S-in. steel pipe § . 
Without spiral 



244 


279 


314 


359 


412 


517 


809 


I1I5 


347 


404 


420 


438 


516 


605 


855 


1070 


234 


248 


258 


278 


312 


341 




375 



§ Blocks were molded in an 8-in. length of 8-in. steel water pipe which remained in 
place during the test. 
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In order to study the effect of a greater amount of restraint against 
bursting, part of the specimens were molded and tested in forms consist- 
ing of 8-in. lengths of 8-in. steel water pipe. The specimens with solid 
pipe forms gave values about the same as those with the spiral, during 
the earlier stages of the tests, but as may have been expected, they 
gave much higher values of maximum bond resistance. These tests 
indicate that ther restraint of the spiral reinforcement is effective in 
raising the bond resistance in pull-out tests with deformed bars. 

Fig. 45 gives load-slip curves for a few tests which show the effect 
of reinforcing the concrete block against bursting, the effect of causing 
the concrete to set under pressure and the effect on the corrugated bar 
tests of molding the specimen with the long end of the bar upward. 

B. Keinforoed Concrete Beam Tests. 

65. Preliminary. — It is in the design of reinforced concrete beams 
that a correct knowledge of the bond resistance between the concrete 
and the steel is most important. The study of reinforced concrete beams 
with special reference to bond stresses was begun at the University of 
Illinois in 1909; additional series of beam tests designed for the study 
of bond stresses were made in 1911 and 1913. The results of 110 beam 
tests are given in this bulletin. The dimensions of the beams were: 
width 8 in., depth 13 in. (10 inches to the center of the steel) and span 
length 5 to 10 ft. Typical forms of reinforced concrete beams are 
shown in Pig. 3. The longitudinal reinforcement usually consisted of a 
single straight bar of large diameter placed in the middle of the width 
of the beam. These bars extended to the ends of the beams. Vertical 
stirrups were frequently used as web reinforcement. With a few excep- 
tions which are noted in the tables, the beams were loaded at the one- 
third points of the span. The usual span length was 6 in. less than the 
total length of the beam; in some of the 1911 tests beams 7^^ and S^^ 
ft.- long were loaded on a span of 6 ft. with the ends overhanging the 
supports 9 in. or 15 in., instead of 3 in. as in the other beam tests. 
Bars of large diameter and beams of coniparatively short span lengths 
were used in order to develop high bond stresses in comparison with the 
other stresses in the beam, and thus to produce bond failures. 

66. Measurements of Slip of Bar. — In the beam tests the slip of 
the ends of the reinforcing bar was measured by means of Ames gages 
as in the pull-out tests. The instrument was carried by a wooden or 



ABRAMS TESTS OF BOND BETWEEN CONCRETE AND STEEL 125 

metal yoke which was attached to the ends of the beam in such a position 
that the movable head-piece of the instrument had a direct bearing 
against the end of the bar. As the test progressed, the amount of slip 
at each end of the bar was noted. In many of the beams of the series 
of 1911 and 1913 the slip of bar was measured at numerous points along 
the length. Openings about 1 in. in diameter were cut or formed in the 
concrete under the reinforcing bar at points where measurements of 
slip were desired. Plugs of %-in. square steel were screwed firmly into 
threaded holes in the bar. The gage was carried by a metal bracket 
attached to a steel plate which was fastened to the concrete by plaster 
of paris in two places on either side of the plug. The plunger of the 
gage rested against the steel plug so that a movement of the reinforcing 
bar in either direction with respect to the concrete would be indicated 
by the pointer. As many as 13 such instruments were used in some 
of the tests. The positions of these instruments are shown for typical 
tests in Pig, 56. 

The amount of slip which has been termed "first slip of bar" in 
the tables corresponds to a movement of about 0.0002 in. We are 
justified in using a smaller quantity as a measure of first end slip in 
beams than was used in the pull-out tests, for the following reasons: 
(1) Measurements from the yoke to points on the concrete of the end 
of the beam near the bar do not show appreciable deformation in the 
concrete at any stage of the test. This is probably due to the unstressed 
condition of the concrete at the end of a beam. (2) The load-slip 
curves for the beam tests show that as soon as the slip at the end of the 
bar reaches about 0.0002 in., it rapidly increases with a further applica- 
tion of load. (3) Tests made on beams by allowing the load which pro- 
duced a very small amount of slip at the end of the bar to remain con- 
stant for several hours or days indicate that the ultimate bond resistance 
probably would be developed under the indefinitely continued application 
of loads which produce at first an end slip as small at 0.0003 in. The 
tests in which slip of bar was measiired at intermediate points are dis- 
cussed in detail in Art. 94. 

67. Computation of Stresses in a Reinforced Concrete Beam. — 
An analysis of the stresses in a reinforced concrete beam was given in 
Bulletin No. 4 of the University of Illinois Engineering Experiment 
Station, "Tests of Reinforced Concrete Beams," by A. K. Talbot, and 
reference may be made to that bulletin for methods of computing the 
stresses given in the following tables. In that analysis it was shown 
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that for the assumptions of beam theory the bond between concrete and 
steel in a reinforced concrete beam is a function of the vertical shear. 
The bond unit-stress was expressed by 



mod' 
Where v = the total vertical shear, 
TO = the number of bars, 
= the perimeter of one bar, 

d' = the effective depth of the beam, or the distance between 
the center of the steel and the centroid of the com- 
pressive stresses. 

The formula assumes that the reinforcing bar ends at the point 
of support. As in the test beams the bar extended beyond the point of 
support 3 in. or more, the amount of available bond surface will be 
greater than that assumed in the analysis, but generally in the calcula- 
tions this additional bond surface will be disregarded and the formula 
used as given above without modification. 

It is recognized that this analysis does not consider all the phenom- 
ena of bond action. It will be seen below that after slip of bar becomes 
appreciable, the bond stress in a beam is not distributed as indicated by 
the formula. However, instead of attempting to take into account the 
effect of slip of bar and the cracking of the concrete, the values com- 
puted by the above formula will be used. These nominal values of 
bond resistance form a useful basis of comparison in a series of tests 
in which the dimensions and make-up of the beams are similar. 

68. Phenomena of Beam Tests. — If a bar which is embedded in 
a prism of concrete is subjected to a pull at its ends a part of the tensile 
force is transmitted to the concrete and a bond stress is developed be- 
tween the steel and the concrete which may be said to be due to the 
stiffness of the concrete or its resistance to stretch. When the concrete 
has been distended to its limit of stretch or to its limit of tensile strength, 
a break occurs and the concrete adjoining the break springs back toward 
the unbroken concrete, there is a slipping along the bar, and a minute 
crack forms at the break. The size of the crack and the amount of the 
slip will depend upon the relative dimensions of concrete and steel. It 
is evident that some tensile stress will remain in the unbroken concrete 
and some bond stress between concrete and steel even after slip has 
occurred, and that with increased tension in the bar there will be further 
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stretcli in the concrete or further slip of the bar or more cracks in the 
concrete. For want of a better one, the term "anti-stretch slip" may 
be nsed for this slip of bar which is due to the stiffness or springiness 
of the concrete after cracking. At what strain this anti-stretch slip 
occurs and how far apart the cracks will be may be expected to be a 
function of the size and periphery of bar and the condition of its sur- 
face and the quality of the concrete and the section of concrete which 
is tributary to the reinforcing bar. 

It is well here to call attention to the fact that a tension break in 
the concrete may occur without its presence being visible to the eye. 
The stretched concrete to the side of the break will act as a spring 
and tend to puU the concrete back from the break. If this elastic force 
is greater than the bond resistance slip will occur and the crack will 
widen and become perceptible. Such cracks are very fine. The white- 
washing of the surface of the beams materially assisted in detecting 
these cracks at an early stage of their development, and doubtless many 
of them would not have been seen on the natural surface of the concrete. 
It may be added that the term "anti-stretch slip" has been used some- 
times in the bulletin to -cover the elastic force which goes with the slip. 
In the case of a beam which is loaded symmetrically at the one- 
third points, the region between the two loads carries no vertical shear 
and there is no bond stress due to normal beam action as it is usually 
analyzed. However, this is the region of greatest longitudinal stress 
and hence the region in which a phenomenon similar to that just de- 
scribed will exist to a considerable degree. At the beginning of load- 
ing, the concrete itself will carry the greater part of the tensile stress 
and a part will be transmitted to the reinforcing bar. In the later 
stages, after cracks have formed, it may be simpler to consider the ten- 
sion to be carried primarily by the bar and the concrete to form the 
web and the enveloping medium. At the formation of tension cracks, 
the phenomenon of anti-stretch slip described in the preceding paragraph 
will exist. The reinforced concrete beam tests to be described indicate 
that a slip of bar took place in this region at loads below those at which 
minute cracks on the whitewashed face of the beam appeared, and con- 
siderably below the loads at which they have been noted in beams having 
only the usual concrete surface for inspection. In general, this early 
interior slip of bar was noted at a tensile stress in the bar of about 
6000 lb. per sq. in. The distance apart of these cracks and their rela- 
tion to the form and size of bar will be discussed with the details of 
the tests. 
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For the region outside the load points, that is, in the outer thirds 
of the span length, for the method of loading generally used, shearing 
and other web stresses exist, and due to the beam action bond stresses 
between the concrete and steel are developed which may be termed beam 
bond stresses. By the usual analysis, for the loading used, these bond 
stresses are nominally uniform from load point to support. The anti- 
stretch slip may be expected to exist here also, especially in the part 
near the load points, and the existence of this slip and bond stress 
concurrently with the beam bond stress makes a considerable complica- 
tion and may be expected greatly to modify the distribution of the bond 
stresses over the length of the bar, and to affect resistance to beam bond 
stresses. 

In the tests of beams loaded at the one-third points, the beam 
exhibits considerable stiffness up to the load which causes the first ten- 
sion cracks in the concrete. After this point, the beam deflection 
increases more rapidly and continues at a nearly constant rate until 
failure is imminent. A marked change in the rate of deflection follows 
the diminution in effective tensile resistance of the concrete and is coin- 
cident with the stage when anti-stretch slip flrst develops prominently 
in the middle third of the beam. Due to the inequalities in the tensile 
resistance of the concrete and to the development of anti-stretch slip 
the tension cracks form at certain points instead of being closely spaced, 
and a large part of the increase in length of the lower fibers is concen- 
trated at these cracks. An examination of the photographs and sketches 
of the beams after failure will show that tension cracks form through the 
region of the middle third and generally a short distance outside with 
usually other tension cracks farther out. 

For the stage of the test at which cracks first appeared at the load 
points or a short distance outside, the bar showed a measurable slip 
just beyond the crack (nearer the end). It was necessary to increase 
the load 50% to 300% before slip was produced at the end of the bar; 
the amount of increase varied principally with the distance between the 
load point and the support. We may expect then that a bond stress 
nearly as great as the ultimate bond resistance was being developed 
for a short distance beyond the crack, much of which was due to the 
condition which produces anti-stretch slip of bar. At this stage of the 
test the bond stress at the supports was only a small part of the maxi- 
mum bond resistance. The tests indicate that when the maximum bond 
stress was first developed outside the load points the bond stress at 
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the support was not more than, say, 15% to 40% of the maximum bond 
resistance. As the bar was further stressed by an additional load 
applied to the beam, the bond stress near the crack decreased on account 
of excessive slip of bar and the region of full bond resistance was thrown 
more and more toward the support. Later in the test, due to the com- 
bination of beam bond stress and anti-stretch slip, another crack was 
formed a few inches nearer the support. The opening of a second crack 
had the effect of reducing the bond stress between the cracks and the 
tensile stress in the bar was increased toward the support. As the load- 
ing progressed this process continued with the piecemeal development 
of the maximum bond resistance and the subsequent reduction of bond 
due to excessive slip over the portion of the bar affected, until the ef- 
fective embedded length of the bar was no longer able to withstand the 
bond stresses developed and failure from slip of bar soon followed. It 
is clear that the unbroken embedded length of bar at the ends of the 
beam which takes the principal portion of the total bond stress during 
the last stages of the test, will depend upon the relative dimensions of 
the bars and the beam and upon the bond, tensile and shearing resist- 
ance of the concrete. The beam tests discussed below show how this 
distance varied for a variety of conditions. 

Mg. 57 to 63 show the appearance of representative beams after 
testing. The surfaces of the beams had been whitewashed before the 
tests in order to facilitate the tracing of cracks. The positions of the 
load-points and supports are shown by vertical arrows. The surface 
cracks, which were generally very fine, were traced with black paint on 
the surface of the beams in order that the location of the cracks may 
be shown on the photographs. The numbers near the cracks indicate 
the extension of the cracks as the test progressed expressed in thousands 
of pounds load. In the beams in which slip of bar was measured at 
intermediate points, the positions of the instruments are indicated by 
the numbers inside circles; the points at which tensile deformations in 
the longitudinal bar were measured in the tests of certain beams are 
indicated in the same way. 

The load-slip curves for representative beams in each group are 
given in Pig. 69 to 76, inclusive; load-deflection and end-slip-of-bar 
curves are given in Fig. 77 to 86, inclusive. These diagrams give impor- 
tant indications as to the effect of the different variables in the make-up 
or loading of the beams. 
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a. 1909 Beam Tests. 

69. Outline of Series. — In 1909 eleven reinforced concrete beams 
were tested with special reference to a study of bond stresses. Data 
of the beams and tests are given in Tables 35 and 26. These beams were 
considered as a preliminary series; no companion pull-out specimens 
were made. 

TABLE 25. 



Data of Reinforced Concbete Beams — 1909 Series. 

1-2-4 hand-mixed concrete; Chicago AA portland cement. 
Each beam was reinforced with a single longitudinal bar. 
All beams were 8 in. wide; total depth 12 in.; depth to center of steel 10 in.;length dj-^ft. 





Longitudinal Reinforcement 


Stirrups 
(Round bars 
4 in. apart) 


Mixture 

by 
Weight 


Beam 
from 

Batch 


Compression Tests 
of 6-in. Cubes 


Beam 
No. 


Kind of Bar 


Per 

cent 


Age 
at 

Test 
days 


Average 
of 3 Tests 

?q.Sf 


120 


I-in. plain round 


0.98 
0.98 
0.98 

1.63 
1.53 
1.63 

1.25 

1.25 
1.26 

0.70 

1.25 


ii'm. 
% in. 
J^in. 

H in. 
Min. 
Hin. 

%m. 

/i in. 
Kin. 

%m. 

Min. 


1-2.35-4.15 
1-2.35-4.15 
1-2.53-4.40 

1-2.34-4.27 
1-2.52-4.47 
1-2.52-4.47 

1-2.23-3.93 

1-2.44-4.23 
1-2.53-4.40 

1-2.34-4.27 

^523-3.93 


121 
120 
202 

85 

204 
203 

118 

m 

84 
117 


82 
82 
62 

66 
63 
63 

87 

66 
62 

65 

87 


1420 


121 




1420 
1767 

1722 
1S73 
1673 

1960 

1762 
1767 

1722 

1960 


201 




84 




203 




204 


IJ^-in. plain round 


117 




62 
202 

85 

118 


IH-in. corrugated round 

IH-in. corrugated round 

M-in. corrugated square 

1-in. twisted square 



The average compressive strength of 6 sets of 6-in. cubes was 1700 lb. per sq. in. 

All the beams were identical as to materials and external dimen- 
sions. 1-2-4 hand-mixed concrete made with Chicago AA cement was 
used. Each beam was reinforced with a single bar which extended flush 
with the ends of the beam. The size and spacing of vertical stirrups 
is given in Table 25. The age at test averaged about 100 days. All 
beams were loaded at the one-third points of a 6-ft. span. In all but 
one test (Beam Ko. 84) the load was applied progressively to failure. 
In the test of Beam No. 84, load was applied until one end of the bar 
showed an appreciable slip; the load was then released and reapplied. 
This test is discussed in detail in Art. 90. 
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70. Bond with Plain Round Bars. — End slip began in the beams 
reinforced with a 1-in. round bar at an average bond stress of 193 lb. 
per sq. in. ; and for the li/4-in. round at 211 lb. per sq. in. The average 
maximum bond resistance was 379 lb. per sq. in. for the 1-in. bars and 
303 lb. per sq. in. for the li4-in. bars. The load-deflection and load- 
slip curves for Beams 131 and 204 are given in Pig. 77. 

TABLE 26. 
Tests of Reinforced Concrete Beams — 1909 Series. 
All beams were loaded at the one-thiid points of a 6-ft. span; overhang 3 in. at each 



end. 



Loads are given in pounds; stresses in pounds per square inch. 

In computing unit stresses, the weight of the beam was considered. 





Age 

St 

Test 
days 


Load 

at 
First 
Outer 
Crack 


At First Slip 
of End of Bar" 


At Maximum Load 




Beam 
No. 


^'i^' 


Com- 
puted 
Bond 
Stress 


'& 


Tensile 
Stress 

in 
Steel 


Vertical 
Shear- 
ing 

Stress 


Com- 
puted 
Bond 

Stress 


Failure of Beam 


120 
121 
201 

Av. 

84* 
203 
204 

Av. 

117 

62 

202 

At. 


112 
112 
88 

104 

104 
91 
90 

95 

118 

56 

88 

72 

105 

118 


U 000 
10 000 
10 000 

10 300 

17 000 
13 000 

13 000 

14 300 

19 000 

12 000 
14 000 

13 000 

20 000 


10 000 
10 000 
10 000 

10 000 

15 000 

11 200 

12 500 

12 900 
19 000 

12 000 


198 
198 
180 

192 

243 
185 
204 

211 

292 

213 


11 700 
14 500 

16 900 

14 370 

20 500 
19 300 

17 000 

18 900 
33 000 
22 500 

19 000 

20 750 
28 700 
32 100 


22 100 

27 100 
31 400 

26 870 

24 900 

23 600 
20 800 

23 070 

48 100 

33 200 

28 100 
30 650 
72 600 
46 700 


89 
111 

128 

109 

158 
149 
132 

146 

260 

172 

146 

159 

209 

241 


230 
281 
327 

279 

327 
309 
273 

303 

500 

390 

332 

361 

568 

488 


Slow bond failure at S. end 
Bond at S. end. 
Bond at S. end 

Bond at S. end. 
Bond at S. end. 
Bond at S. end. 

Bond at S. end. 

Diagonal tension and bond 

at S. end. 
Bond at S. end. 


85 
118 


6000 
15 000 


128 
233 


Tension in steel. 
Bond at S. end. 



** Corresponding to a slip of 0.0002 in. 

* The load was released and reapplied. See Art. 90 and Fig. 51. 



71. Bond with Deformed Bars. — One beam in the 1909 series was 
reinforced with a 1-in. cup bar, one with a %-in. corrugated square bar 
(type B) and two with 1%-in. corrugated rounds. Beam No. 118 
reinforced with a 1-in. twisted square bar will be referred to in the 
discussion of other beams of the same kind in the 1913 series (see 
Art. 84). 
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Beam Ko. 117, reinforced with one 1-in. cup bar, carried the highest 
load in this series — 33 000 lb. End slip began at an applied load of 
19 000 lb. and a computed bond stress of 392 lb. per sq. in. This is 
about the same load that caused the first diagonal crack. The maximum 
bond resistance was 500 lb. per sq. in., corresponding to a steel stress 
of 48 100 lb. per sq. in. The load-end-slip and load-deflection curves 
for this test are given in Pig. 77. The slip measured at the end where 
failure occurred was 0.006 in. at the maximum load; the slip at the 
opposite end was 0.001 in. 

Beam ISTo. 85, reinforced with one %-in. corrugated square bar 
(type B) showed first end slip at a computed bond stress of 138 lb. per 
eq. in. The load-slip curve for this beam (Fig. 77) shows a very rapid 
slip at one end following an applied load of about 7000 lb. The end 
slip had reached 0.001 in. at a load of 8000 lb.; at the maximum load 
the slip was about 0.03 in. at one end and 0.004 in. at the other. While 
this beam failed finally by tension in the steel, it is plain that a bond 
resistance much higher than the value given — 568 lb. per sq. in. — could 
not have been developed. 

Beams No. 63 and 303 were each reinforced with one 1%-in. cor- 
rugated round bar. Slip of bar was not measured in Beam No. 63. In 
Beam No. 303 end slip began at a load of 13 000 lb. and bond stress of 
313 lb. per sq. in. After a load of 13 000 lb., slipping at both ends was 
very pronounced. At failure, at a load of 19 000 lb., bond stress of 333 
lb. per sq. in., one end of the bar had slipped 0.014 in. ; the other 0.007 
in. The bond stress at the beginning of end slip of Beam No. 303 was 
about 5% higher than the average of the six beams in this series which 
were reinforced with plain rounds. The average bond stress at the 
maximum load for the two beams reinforced with ll^-in. corrugated 
rounds (361 lb. per sq. in.) was 34% higher than the average of the 
six beams with plain rounds. However, the beams with corrugated 
bars were tested at a somewhat earlier age; on the other hand the cube 
tests show them to be made of concrete of somewhat higher compressive 
strength than those with plain bars. 
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b. 1911 Beam Tresis. 

72. Outline of Series. — Thirty-six reinforced concrete beams were 
included in the 1911 series. Plain round and corrugated bars were used 
for longitudinal reinforcement. All the beams, except two, were tested 
with a 6-ft. span. Beam No. 1045.2 and 1045.3 were tested with an 8-ft. 
span. Several of the beams in this series were tested with ends over- 
hanging the supports 9 in. or 15 in. In one group, the depth of con- 
crete below the steel was varied. Fifteen of the beams had no web rein- 
forcement; the remainder were provided with V-shaped stirrups of 
^-in. or %-in. plain rounds. In the 1911 beams the concrete was 
hand-mixed; the age at test averaged about 8 months. 

Pull-out specimens and 6-in. cubes were made from the same 
materials as were used in many of the beams. The pull-out specimens 
were stored in the open air with the beams, until tested; the cubes 
were stored in damp sand. 

Details of the make-up of the beams, their dimensions, the mate- 
rials used and the strength of the concrete will be found in Table 27. 
Table 28 gives the data of the tests and some of the calculated stresses 
in the beams as well as notes on failure. The computed bond stresses 
developed in the beams and in the pull-out tests in this series at various 
amounts of end slip will be found in Table 29. A summary of the bond 
stresses in the beam and pull-out tests is given in Table 30. 

In several of the beams in this series measurements were made on 
slip of bar at points other than the ends. Discussion of the slip found 
at internal points will be given with the discussion of similar tests in 
the 1912 series (Art. 94). 

73. Basis of Comparison of Bond Resistance in Beam and Pull- 
out Tests. — In the 1911 and 1913 beam series, the corresponding beams 
and pull-out specimens were made from the same batch and stored 
under the same conditions. In comparing the bond resistance in beam 
and pull-out tests, it is evident that the bond stresses corresponding to 
definite amounts of slip in each case should be considered. The amount 
of slip in both kinds of specimens was measured at the free end of the 
bar, and at other points in some of the beam tests. Differences in bond 
resistance developed in the two forms of test specimens may be expected 
to be due principally to differences in the secondary stresses in the 
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specimen and in a much less degree to the form of the specimen. The 
anti-stretch slip mentioned in a preceding paragraph is a manifestation 
of one of the secondary stresses. Since the heams were loaded sym- 
metrically and failure was practically always due to bond or some cause 
involving bond, the bar pulled out at the end where the bond resistance 
was the weaker. In other words the beam tests give in each case the 
smaller of two possible values of bond resistance resulting from the 
same combination of materials. In a few tests one end of the bar 
showed a greater slip during the earlier stages of loading, only to be 
overtaken by the other end as the loading progressed. In two or three 
tests both ends of the beam behaved almost identically in this respect. 
These observations apply to beams reinforced both with plain and de- 
formed bars. The pull-out tests for comparison with the reinforced con- 
crete beams were made in sets of three. 

Since we have automatically rejected the higher of the two bond 
resistances in the beams, it will make the comparison more nearly cor- 
rect to reject the highest one of the pull-out specimens. The average 
values for the lowest two from each set of pull-out specimens are given in 
Tables 39 and 30. These are the values which have been used for com- 
parison in the discussion of beam and pull-out tests. It will be seen 
that this method gives values for the pull-out tests which are a little 
too high; but the error due to this cause is not of enough consequence 
to justify further refinement in the computations. 

74. Bond with Plain Hound Bars. — In the 1911 series 33 beams 
were reinforced with 1-in. plain rounds and 7 beams with 1^-in. plain 
rounds. The effect of size of bar, vertical stirrups, depth of concrete 
below the steel, overhang of ends, etc., in beams reinforced with plain 
rounds will be discussed in detail in the following articles. It will be 
seen later that the presence of vertical stirrups has no considerable effect 
on the bond resistance of beams of this kind, hence for purposes of the 
present discussion all beams in the 1911 series reinforced with 1-in. 
plain round bars, except those having a total depth of 14 in. and those 
with unusual overhang of ends, will be grouped together. 

The groups with 1-in. plain rounds include 16 tests as shown in 
groups 1 to 5, Table 30. End slip became appreciable at a bond stress of 
247 lb. per sq. in., 67% of the maximum bond resistance. The largest 
amount of end slip which was observed in every test in these groups was 
0.001 in., coiTesponding to a bond stress of 344 lb. per sq. in., 92'% of 
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TABLE 30. 

Summary of Bond Stresses in Beam and Pull-out Tests — 

1911 Series. 

Stresses are given in pounds per square inch. 



Group 



Characteristics 



No. 

of 

Teats 


Age 

at 

Test 

mo. 




Bond Stress at End Slip of 
(inches) 




.0002 


.0005 


.001 


.002 


.005 


.01 



Computed 

Bond 

Stress at 

Maximum 

Load 



Beam Tests; l-in. Plain Rounds. 



1-5 

7 



All beams except as noted*.. . 
Beams with 9-in. overhang.. . 
Beams with 16-in. overhang.. 
Beams 14 in. total depth 



16 

2 


7H 

fm 


247 

3sn 


310 
414 


344 
445 








4112 






2 


8 


440 




454 




440 




3 


8 


433 


481 


5U8 


523 







371t 
500 
474 
657 



Pull-Out Tests; l-in. Plain Rounds. 



1-8 



Lowest two from each set of three tests". 

All pull-out tests 

Highest from each set 

Lowest from each set 



14 




225 


298 


353 


399 


457 


481 


21 


7 


242 


312 


365 


410 


4m 


491 


7 




275 


340 


3go 


433 


491 


509 


7 




201 


284 


338 


385 


430 


475 



493 
600 
611 
491 



Beam Tests; IJ^-in. Plain Rounds. 



10 

11 



6-ft. beams with 3-in. overhang. . . 
8-ft. beams with 3-in. overhang.. . 
6-ft. beams with 15-in. overhang.. 



3 
2 
2 


7H 
8H 


206 
397 
267 


259 
416 
320 




354 






353 















413 

466 
376 



Pull-out Tests; \yi-m. Plain Rounds. 



Lowest two from each set of 3 tests". 

All pull-out tests 

Highest from each set 

Lowest from each set 



3 




231 


301 


342 


389 


446 




12 


8 


239 


313 


366 


412 


459 


483 


4 




263 


338 


413 


459 


487 




4 




226 


266 


313 


360 


410 





474 
483 
502 
441 



Beam Tests; IJ^-in. Corrugated Rounds. 



12 
13 



Beams with 3-in. overhang.. 
Beams with 9-in. overhang.. 



m 



221 
387 



271 
438 



496 
493 



Pull-out Tests; l]/i-m. Corrugated Rounds. 



12,13 



Lowest two from each set of 3 teats". 

All pull-out tests 

Highest from each set 

Lowest from each set 



6 




184 


233 


270 


313 


400 


440 


9 


7>/i 


181 


242 


3110 


354 


432 


491 


3 




141 


262 


360 


464 


526 


598 


3 




190 


242 


280 


312 


367 


409 



• Includes all beams reinforced with l-in. plain rounds, except those in groups 6, 7 and 8. 

t The maximum bond resistance for 5 beams made from Lehigh cement averaged 390 lb. per aq. in. See 
3ube teats, Table 27. 

" Use these values for comparUon with bond stresses in beam tests. See Art. 73. 

* Omitted on account of part of the specimens being reinforced against bursting and part unreinforced. See 
Table 29 for details of these tests. 
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the maximum bond resistance. It is evident that when the end slip of 
the bar has reached 0.001 in. the stress distribution is such that the beam 
generally has passed its usefulness for carrying load. 

In the case of five beams reinforced with 1^4,-111. plain rounds 
(Table 30) end slip began at a computed bond stress of 282 lb. per sq. 
in., 65% of the maximum resistance. In this group an end slip of 
0.0005 in. was measured in all the tests, corresponding to a bond stress 
of 86% of the maximum bond resistance. 

A comparison of the bond stresses developed in the beams rein- 
forced with 1-in. and 1^-in. plain rounds in Table 30 and Fig. 49 with 
the pull-out tests on bars of the same sizes (the average of the lowest 
two tests from each set) shows values for the two kinds of tests which 
are similar at each amount of slip given in the table up to an end slip 
of about 0.001 in. The maximum bond resistance for the beams in 
these two groups is about the same as the bond stress developed in the 
corresponding pull-out specimens at a slip of 0.002 in. Fig. 78 shows 
the load-deflection and load-slip curves for typical beams reinforced with 
plain round bars. The tests do not show any material difference in 
bond unit resistance due to size of bar. 

A summary of the bond stresses developed in all the 6-ft. beams 
reinforced with plain round bars and loaded at one-third points is given 
in Table 35. 

75. Effect of Vertical Stirrups on Bond Resistance. — Beam groups 
1, 2 and 3, in Table 28, may be used to see whether the presence of 
vertical stirrups influences bond resistance in beams of this kind. The 
beams in group 1 had no stirrups; those in groups 2 and 3 were rein- 
forced throughout the outer thirds with V-shaped stirrups of i/4-in. and 
%-in. rounds, respectively, spaced .6 in. apart as shown in Fig. 2 (b). 
Each of these beams was reinforced with one 1-in. plain round, and was 
tested on a 6-ft. span. The relation of bond resistance due to the 
presence of web reinforcement is not well defined. The beams with 
i/4-in. stirrups gave higher values for bond resistance at all stages of 
the tests than either of the other groups. In all these tests end slip 
of bar became appreciable at about 65% (range 64% to 67%) of the 
ultimate load. At an end slip of 0.0005 in. the average bond resistance 
of the beams is 82% of the ultimate. It will be seen in Tables 27 and 
28 that both the cube tests and pull-out tests for the beams in group 2 
indicate a better quality of concrete than that in the beams of groups 
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1 and 3. The results indicate tliat bond stress is the primary cause of 
failure in all these tests. Although the diagonal tensile stresses were 
fairly high, it would appear that if the reinforcement had not slipped, 
failure by diagonal tension would not have occurred until a higher load 
had been applied. Of course stirrups of this kind may not be expected 
to be effective when the bond stresses are high. Attention is called to 
the discussion in Art. 78. 

Load deflection and load-slip curves for beams with and without 
stirrups are given in Pig. 78 and 79. The appearance of some of the 
beams after failure is shown in Fig. 57. 

76. Effect of Depth of Concrete helow the Reinforcement. — In 
general, the depth of concrete below the center of the longitudinal rein- 
forcement was 2 in. In two groups of tests this depth was made 1 in. 
and 4 in., respectively; that is, the total depth of the beams was 11 and 
14 in., with the depth from top of beam to center of bar 10 in., as 
usual. These beams were not provided with vertical stirrups; they 
were each reinforced with one 1-in. plain round bar and were tested 
on a 6-ft. span. See groups 5 (1-in. depth), 1 (3-in. depth) and 6 
(4-in. depth), Table 38. It is seen that there is little difference in the 
values for the beams with depths of 1 and 2 in., but the beams with 4 
in. of concrete below the steel show a very great increase in strength. 
The maximum bond resistance for the 1-in. and 3-in. depth averaged 
356 lb. per sq. in., while for the 4-in. depth the maximum was 557 lb. 
per sq. in. The load-deflection and load-slip curves for these beams 
are given in Fig. 78. The deflection of beam is greatest for the beams 
with 1-in. thickness and least for those with 4-in. thickness. Beams in 
group 6 show great stiffness up to a load of about 6000 lb. The photo- 
graph. Fig. 58a, shows the appearance of these beams after test. The 
numbers opposite the cracks indicate the growth of the cracks at loads 
expressed in thousands of pounds. An interesting feature of the tests in 
group 6 is the absence of cracks in the outer thirds of the beam length. 
It seems evident that the anti-stretch slip has occurred from the cracks 
near the load points and that slip has progressed outward from these 
cracks toward the ends of the beam during the remainder of the test 
instead of from the several cracks which usually appear in the outer 
thirds subsequently in the tests. The first end slip came at a materially 
higher load in this group. It seems probable that the distribution of 
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bond stress along the bar beyond the outer cracks in this case is not 
materially different from that found in a pull-out test. The full bond 
resistance for the embedded length of bar beyond the crack is developed, 
or at least that for a small amount of slip, instead of having part of the 
bond resistance consumed by stresses in opposite directions due to anti- 
stretch slip. The presence of the large mass of concrete below the bar 
acts to maintain the integrity of the concrete; its total tensile strength 
is greater than the available residual resistance to slip along the bar, 
and hence the concrete will slip along the bar, probably still maintain- 
ing some tensile stress. In the case of a small depth of concrete the 
total tensile strength of the concrete is insufficient to overcome the bond 
resistance, the concrete breaks in tension at another point and springs 
back both ways from the point of rupture, forming a crack. With 
further addition of load further slip will occur at the crack, and with 
still more load other cracks may appear. In this case a part of the 
bond resistance is consumed by stresses in opposite directions due to 
anti-stretch slip and due to the slip the bond resistance utilized is less. 
For the beams of ordinary depth in groups 1 to 5 in Table 28 the 
outer cracks at the ends where failure occurred cross the plane of the 
steel at distances ranging from about 13 to 23 in. (average 17 in.) from 
the end of the beam. For the beams in group 6 vidth 4 in. of concrete 
below the center of the reinforcement, the principal failure cracks came 
at 21 to 30 in. (average 36 in.) from the end of the beam. It would 
appear that after the cracks have lengthened, the main effective bond 
resistance lies on the part of the bar between the outermost crack and 
the end of the beam. 

77. Ejfect of Span Length. — The beams in group 11, Table 38, 
were loaded with an 8-ft. span. The beams were reinforced with ll^-in. 
plain round bars and i^-in. vertical stirrups. These tests may be com- 
pared with the beams in group 9, loaded on a 6-ft. span. In the 6-ft. 
beams the first outer cracks appeared at an average load of 10 700 lb., 
and the first end slip of bar at 12 700 lb. ; the corresponding loads for 
the 8-ft. beams were 8000 lb. and 16 000 lb., respectively. These loads 
are significant. The first outer crack appeared in both groups of beams 
at loads corresponding to a stress of about 13 500 lb. per sq. in. in the 
longitudinal steel at mid-span. The steel stresses at mid-span at be- 
ginning of slip at the end of the bar are about 15 600 and 26 000 lb. 
per sq. in. for the 6-ft. and 8-ft. beams, respectively, corresponding to 
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a computed bond stress of 206 and 257 lb. per sq. in. The average 
distances of the cracks from the ends of the beams were about 17 in. 
and 25 in., respectively. This suggests that vphen end slip of bar began 
the main effective bond resistance for beams of both lengths lies princi- 
pally in the portion of the bar having an ubroken embedment. The 
fact that the maximum bond resistance for the 8-ft. beams is lower than 
for the 6-ft. beams is probably due to the opening of other outer cracks 
than the first one, nearer the supports, causing a further concentration 
of the bond resistance toward the ends of the bar. 

Tests of other beams in which the span length varied are discussed 
in Art. 86. 

78. Effect of Length of Overhang of Ends of Beam. — It has been 
the practice at the University of Illinois in designing test beams of 
the kind described herein to make the beam 6 in. longer than the test 
span. In making the usual calculations of bond stress no allowance has 
been made for this additional 3 in. of embedment of the reinforcing 
bar. In order to study the effect on bond resistance, some of the beams 
in the 1911 series were tested with the ends overhanging the supports 
for 9 in. or 15 in., as shown in Fig. 2 (c) and with the bars extending 
to the ends of the beams. 1-in. and 114-in. plain rounds and lYs-in. 
corrugated rounds were used in these tests; see groups 7, 8, 10 and 13 
in Table 28. Figs. 58 and 59 show representative beams after failure. 
A summary of the tests' is given in Table 30. These beams differed 
somewhat in web reinforcement, even in the same groups, and these 
differences must be kept in mind in making comparisons. 

The effect of varying the length of overhang may be seen by com- 
paring the values for the different functions given in Table 28 and also 
the bond stresses corresponding to different amounts of end slip in 
the beam and pull-out tests in Table 30. The applied loads at first 
outer crack show whether the appearance of anti-stretch slip was affected 
by overhang. The applied loads and the bond stresses developed at first 
end slip and at the maximum load indicate the influence of the over- 
hang on the bond resistance of the beams. 

One-inch plain rounds were used in beams with the ends overhang- 
ing the supports 3,, 9 and 15 in. The tests with 3-in. overhang include 
16 beams; the others two or three each. 114-in. plain rounds were 
used in beams with 3 in. and 15 in. overhang, and 1%-in. corru- 
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gated rounds in beams with 3 and 9 in. overhang. The values for bond 
stress given for these beams in the tables have all been computed in the 
same way without reference to the length of overhang of the ends. 

A study of the data shows that the amount of the overhang of the 
ends had practically no influence on the load causing the opening of 
the first outer cracks and that the load at which first outer cracks 
appeared was independent of the kind and size of bar. The load at 
which first end slip of bar was found was greatly influenced by the length 
of overhang. In beams without stirrups the additional overhang seems 
to have little, if any, effect upon resistance to diagonal tension. For 
the beams recorded as failing in diagonal tension, the vertical shear- 
ing stress averaged 178 lb. per sq. in. for beams without stirrups and 
288 lb. per sq. in. for beams with stirrups. 

The relation between the bond stresses is somewhat different from 
that of the shearing stresses on account of the different diameters of 
the bars used. In Pig. 48 the values of the computed bond stresses 
have been plotted for the beams which were reinforced with vertical 
stirrups. It will be seen that the beams with 9-in. and 15-in. overhang 
developed a considerably higher computed bond stress than the beams 
with 3-in. overhang. If we reduce the computed bond stresses in these 
beams by considering that the bond stress at any load is uniformly 
distributed over the overhanging portion of the bar in the same way as is 
assumed for the outer thirds of the span (equivalent to multiplying the 
computed bond stress in beams with 3-in. overhang by 24/37, that in 
beams with 9-in. overhang by 24/33, and that in beams with 15-in. 
overhang by 24/39), it will be found that such corrected bond stresses 
will generally be greater for the longer overhangs. It should be noted 
that this method of correcting the bond stresses is subject to error in 
one respect, since slip was measured at the ends of the bars in all cases. 
The beginning of end slip with 15-in. overhang may be expected to 
represent quite a different state of stress in the beam proper than exists 
in a beam with 3-in. overhang when end slip begins. 

79. Bond on Corrugated Bars. — 1%-in. corrugated round bars were 
used for longitudinal reinforcement in 6 beams of the 1911 series — 
groups 12 and 13. These tests were referred to in the preceding articles; 
they will be included also in the discussion of similar tests from the 1913 
beam series. Art. 85. 
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80. Bond Resistance in 1911 Beam and Pull-out Tests. — Table 30 
gives a summary of the bond stresses in the 1911 beam and pull-out 
tests. The load-slip curves for many of these groups have been plotted 
in Fig. 49. As noted in Art. 73 the average stresses from the lowest 
two from each set of three pull-out specimens is used in all comparisons 
between the beam and pull-out tests. For the 1-in. plain rounds in 
beams with 3 in. overhang the bond stress up to an end slip of 0.001 
in. is about the same as for the pull-out specimens for the same end 
slip. The bond stress at an end slip of 0.001 in. is 93% of the maxi- 
mum bond resistance for the beam tests and 72% for the pull-out tests. 
The 1 and ly^rin. plain rounds give nearly identical values in the pull- 
out tests. It should be borne in mind that with the uneven distribu- 
tion of bond stress developed in beam tests the bond stress developed 
with a given end slip is dependent upon the relative dimensions of bar 
and beam and hence that the relation between the values of bond in 
beam tests and in pull-out tests here given may be to a certain extent 
accidental. 

In the tests with l^^-in. plain rounds the 6-ft. beams with 3-in. 
overhang gave values which are somewhat lower than the values from 
the pull-out specimens at the earlier stages of the tests ; at the maximum 
load the average computed beam bond stress is 87% of the maximum 
bond resistance found in the pull-out tests. 

For the 1%-in. corrugated round bars the bond stresses in the beam 
tests at end slips up to 0.005 in. are higher than in the pull-out tests for 
the same end slip. The maximum bond stresses in the two forms of 
specimen can not be compared directly, since part of the pull-out speci- 
mens were reinforced against bursting; in the one set not so reinforced 
the maximum bond resistance was 471 lb. per sq. in. as compared with 
496 lb. per sq. in. in the beam tests. The corrugated bars in the beam 
tests' give stresses which are about intermediate between those for the 
1-in. and the 114-in. plain rounds for end slip less than about 0.003 in. 
The maximum bond resistance for the corrugated bars is about 25% 
higher than for the plain rounds. 

Considering the pull-out tests only, the plain rounds give higher 
bond resistances than the corrugated rounds for all stages of the test 
up to the end slip which corresponds to the maximum bond resistance 
in the plain bars. A discussion of the relation of bond resistance in 
beams and pull-out specimens from another series of tests is given in 
Art. 92. 
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c. 1912 Beam Tests. 

81. Outline of Series. — Sixty-three reinforced concrete beams were 
included in the 1913 series. Generally the span length was 6 ft.; one 
group of beams was tested on each of the following spans: 6, 7 and 8 
ft. ; four groups were tested on a 10-ft. span. The loads were generally 
applied at the one-third points; groups of 6-ft. beams were tested with 
two symmetrical loads spaced the following distances apart: 3, 3%, 
3, 3l^ and 4 ft. Plain round, plain square, twisted square, and corru- 
gated round bars were used for longitudinal reinforcement. In all but 
six of the beams the longitudinal reinforcement consisted of a single 
bar. Three beams were reinforced with four %-in. and three with 
three %-in. plain rounds. 

The beams in this series were made in groups of three; the first 
beam in each group was made of hand-mixed concrete, the remainder of 
machine-mixed concrete. All the beams were provided with vertical stir- 
rups of %-in. rounds. In the beams reinforced with a single longi- 
tudinal bar, the stirrups' were V-shaped; in the other beams U-shaped 
stirrups were used. See Fig. 3. The average age at test was 63 days. 

Pull-out specimens and 6-in. cubes were made with nearly all of 
the beams. The pull-out specimens were stored in the open air with 
the beams; the cubes were stored in damp sand. 

Details of the make-up of the beams, their dimensions, the materials 
used and data on the strength of the concrete will be found in Table 31. 
Table 33 gives data of the tests and some of the calculated stresses in 
the beams, as well as notes on the failures. The bond stresses corre- 
sponding to given amounts of end slip for both beam and pull-out tests 
will be found in Table 33. A summary of the bond stresses developed 
in this series of tests is given in Table 34. 

In comparing the results of pull-out tests for the square, twisted 
and the deformed bars in this series with those made earlier it should 
be borne in mind that the concrete cylinders' in this series were not 
reinforced against bursting. 

83. Bond Resistance with Plain Bound Bars. — Thirty-seven beams 
in the 1913 series were reinforced with 1-in. plain round bars. The 
tests to determine the effect of span length, effect of variation in the 
position of the loads, and on the sizes of bar are discussed elsewhere. 

Table 35 gives a summary of the results of tests of 6-ft. beams 
reinforced with 1 and li^-in. plain round bars from the series of 1909, 
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1911 and 1912. The 1909 tests gave lower values than the other series, 
but the concrete was of lower strength, as may be seen from the cube 
tests. All but one of the beams included in this table failed in bond. 
Disregarding the diiferences in the age of the beams, the mean values 
for bond resistances are found as given in the table. First slip of bar 
was measured at the end of the beam at a mean bond stress of 236 lb. 
per sq. in. — 66% of the maximum bond resistance. The mean bond 
stress at an end slip of 0.001 in. for the beams in these three series' was 
324 lb. per sq. in. — 91% of the maximum bond resistance. The mean 
maximum bond resistance for the 34 beams considered was 356 lb. per 
sq. in. These values seem to be representative for the conditions present 
in the tests. However, it should be noted that the bond resistance 
developed in beams, as given by the ordinary methods of computation, 
appears to be dependent upon the relation of size of bar to the dimen- 
sions of the beam and to the span length and that the computed values 
found in these tests may not apply to bars of smaller diameters or to 
beams of other size and span. 

83. Bond Resistance with Plain Square Bars. — Six beams were 
reinforced with 1-in. plain square bars. In group 29 the bars were 
placed with their sides horizontal ; in group 30 the bars were placed with 
a diagonal line horizontal. Comparing the bond stresses in the beam 
and pull-out tests for groups 29 and 30 in Table 32 and in the sum- 
mary, Table 34, it will be seen that while the bars placed with a diagonal 
horizontal give a higher bond resistance, the pull-out and cube tests 
show that on the average the concrete in the second group of tests was 
inferior in strength to that in the first group. Beam No. 1046.5 gave 
abnormally low bond resistance. It is probable that no difference in 
bond resistance can be ascribed to the difference in the position of the 
bars. 

The bond stresses at various end slips in the beams reinforced 
with 1-in. square bars are about 75% of those for similar beams rein- 
forced with 1-in. rounds. See groups 14-15 and 29 and 30, Tables 82 
and 34. A comparison of the pull-out tests gives about the same 
relation. End slip of bar begins in the pull-out tests at a lower stress 
than in the beam tests; at a slip of 0.001 in. the stresses are about the 
same. At the maximum loads the calculated bond stresses in the beams 
average 86% of those in the pull-out tests. This is about the same ratio 
as for the tests with 1-in. round bars in this series. 
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TABLE 31. 

Data of Reinforced Concrete Beams — 1912 Series. 

1-2-4 concrete; Universal Portland cement, sand, and crushed limestone. The 
concrete for the first beam of each group was mixed by hand; all others were machine- 
mixed. 

All beams were 8 in. wide; total depth 12 in.; depth to center of steel, 10 in. 

Each beam, except those in Groups 27 and 28, was reinforced with a single longitudi- 
nal bar. All beams were provided with vertical stirrups of J^-in. plain rounds, spaced 
6-in. apart, outside the load points. See Fig. 2 (f). 



Group 



22 



fieam 
No. 



1052.1 
1052.2 
1052.3 

1056.1 
1056.2 
1056.3 

1052.4 
1052.6 
1052.6 



1057.2 
1057.3 



1058.1 
1058.2 
1058.3 



1069.1 

1059.2 
1059.3 



1060.1 
1060.2 
1060.3 

1051.1 
1051.2 
1051.3 

1053.1 
1053.2 
1053.3 

1054.1 
10S4.2 
1054.3 



Length 
feet 



6M 

m 

OH 



6H 



6H 

6K 
6M 

dH 

6M 
6^ 
6H 

6H 



6H 
5H 

7H 

7}^ 

8H 
SH 



Longitudinal Reinforcement 



Size and Kind of Bar 



1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 
^ 4 ^in. auxiliary bars 
at each end of beam — 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plMn round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain round 

1-in. plain roulid 

1-in, plain round. 

1-in. plain round 

1-in. plain round 



Per 

cent 



0.98 
0.98 
0.98 

0.98 

0.98 
0.98 

0.98 
0.98 
0.98 

0.98 

0.98 
0.98 

0.98 

0.98 
0.98 



0.98 
0.98 

0.98 
0.98 
0.98 

0.98 
0.98 
0.98 

0.98 
0.98 
0.98 

0.98 
0.98 
0.98 



Beam 
from 



Batch 



1051.1 
i657!3 



fl057 
11058 



1.1/ 



1047.2 
1055.1 

mi. 3 

f 1056.11 
11058.11 



fl056.11 
11057. IJ 

ibhi'.h 

fl061.ll 
11048. IJ 

1062.3 

[1069 11 
[1048.11 
1055.5 
f 1063. 31 
11064. 3J 

1052.1 

i653!3 

1050.4 

1061 .3 

1046.1 

1061! 6 



Mixture 
by Weight 



1-1.95-3.34 
1-1.95-3.34 
1-1.93-3.23 

1-1.94-3.29 

1-2.00-3.20 
1-2.00-3.36 

1-2.07-3.48 
1-1.92-3.20 
1-1.93-3.32 

1-1.94-3.29 

1-1.98-3.34 
1-1.93-3.23 

1-1.94-3.29 

1-1.96-3.27 
1-1.93-3.32 

1-2.07-3.46 

1-1.99-3.32 
1-1.92-3.31 

1-2.07-3.46 
1-2.01-3.23 
1-1.98-3.30 

1-1.95-3.34 
1-1.94-3.26 
1-1.98-3.28 

1-1.95-3.09 
1-1.98-3.16 
1-1.98-3.29 

1-1.93-3.26 
1-1.96-3.28 
1-1 98-3.30 



Compression Teste of 
6-in. Cubes* 



Age 
days 



Average of 3 

Teste 
lb. per sq. in. 



70 
61 



68 



61 
66 



62 

66 
60 



60 
64 



70 



60 
62 



62 
65 



2120 
2730 



2140 
3500 

2065 
2640 
2960 

2140 



2730 
2960 



2600 
2600 

2680 
3140 
3250 

2120 
2800 
2760 

2170 
2200 



2580 
2800 
2870 



* The average compressive strength of 38 6-in. cubes of hand-mixed concrete was 2200 lb per so in • of t 
cubes of machine-mixed concrete, 2800 lb. per sq. in. • f.. =h. -, 

(Table 31 continued on page 154) 
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TABLE 32. 

Tests of Reinforced Concrete Beams — 1912 Series. 
All beams had 3 in. overhang at each end. 

In computing unit stresses the weight of the beam was considered. 
Loads are given in pounds; stresses are given in pounds per square inch. 





Beam 

No. 


Test 
Span 
feet 


Dis- 
tance 

be- 
tween 
Loads 

feet 


Age 

at 

Test 

days 


Load 

at 
First 
Outer 
Crack 


At First Slip 
of End of Bar 


At Maximum Load 


Maxi- 
mum 
Bond 
Resist- 
ance 
in 
Pull- 
out 
Tests 




Group 


plied 
Load 


Com- 
puted 
Bond 

Stress 


Ap- 
plied 
Load 


Tensile 
Stress 

in 
Steel 


Verti- 
cal 

Shear- 
ing 

Stress 


Com- 
puted 
Bond 

Stress 


Failure of Beam 


U 


1052.1 
1052.2 
1052.3 

Av. 

1056.1 
1056.2 

1056.3 

Av. 

1052.4 
1052.5 
1052.6 

Av. 

1057.1 
1057.2 
1057.3 

Av. 

1058.1 
1058.2 
1058.3 

Av. 

1059.1 
1059.2 
1059.3 

Av. 

1060.1 
1060.2 
1060.3 

Av. 

1051.1 
1051.2 
1051.3 

Av. 

1053.1 
1053.2 

1053.3 

Av. 

1054.1 
1054.2 
1054.3 

Av. 


6 
6 
6 


2 
2 
2 


67 
59 
64 


8 000 
11 000 
6 000 


8 000 
11 000 
16 000 


154 
211 
307 


19 940 
18 000 

20 000 


36 800 
33 200 
36 800 


149 
136 

150 


383 
347 
385 


356 
405 


Bond at S. end 
Bond at N. end 
renaion in steel 




63 

65 
65 

65 


8 300 

14 000 
6 000 

10 000 


U 700 

13 000 

12 600 

13 500 


224 

250 
240 

260 


19 300 

15 750 
19 700 

21 000 


35 600 

29 200 

36 300 

38 600 


145 

119 
149 

158 


372 

305 
379 

403 


395 

454 
392 

443 




15 


6 
6 

6 


2 
2 

2 


Bond at N. end 
Sond and tension 

in steel 
Bond at N. end 




65 

61 
63 
65 


10 000 

14 000 
10 000 
10 000 


13 000 

18 000 
11 500 

14 000 


250 

347 
220 
269 


18 800 

20 600 
18 600 
18 800 


34 700 

37 90O 
34 100 
34 700 


142 

155 
139 
142 


362 

395 
356 
383 


430 

443 
415 
381 




16 


6 
6 
6 


2 
2 
2 


Bond at N. end 
Bond at N. end 
Bond at S. end 




63 

68 
64 
63 


11 300 

8 000 
8 000 
8 000 


14 500 

12 000 

13 000 
13 000 


279 

231 

250 
250 


19 300 

19 500 
19 100 
25 000 


35 600 

31 400 
30 800 
40 000 


145 

147 
144 
187 


372 

375 
368 
478 


413 

323 

"322' 




17 


6 
6 
6 


2H 


Bond at N. end 
Bond at S. end 
Tension in steel 




65 

68 
63 
67 


8 000 

8 000 
6 000 


12 700 

14 000 
10 000 

13 000 


244 

272 
198 
254 


21 200 

18 900 
14 000 
18 600 


34 100 

26 100 
19 500 
25 700 


166 

142 
106 
140 


407 

364 
272 
359 


322 

454 
262 
381 




18 


6 
6 
6 


3 
3 
3 


Bond at N. end 
Bond at both ends 
Bond at N. end 




66 

64 
59 
62 


7 000 
26 000 
ii 000 


12 300 

12 000 
10 000 
12 000 


241 

235 
198 
235 


17 200 

33 750 
17 700 
22 000 


23 800 

38 400 
20 400 
25 200 


129 

251 
134 
165 


332 

642 
341 
421 


363 

591 

"m 




19 


6 
6 
6 


3}4 
3'A 


Bond at N. end 
Bond at S. end 
Bond at N. end 




62 

70 
62 
61 


20 000 

21 000 
21 000 


11 300 

16 000 
18 000 

17 000 


223 

309 
347 
329 


24 400 

32 000 
24 700 
30 000 


28 000 

29 100 
22 600 
27 400 


183 

238 
185 
224 


468 

608 
472 
673 


504 

691 
509 
579 




20 


6 
6 
6 


4 
4 
4 


Bond at S. end 
Bond at S. end 
Bond at N. end 




64 

68 
60 
63 


21 000 

8 000 
6 000 
8 000 


17 000 

16 000 
13 000 
15 000 


328 

290 
252 
290 


28 900 

16 800 
20 000 
20 100 


26 400 

25 800 
30 600 
30 800 


215 

128 
161 
152 


551 

324 
383 
385 


590 

386 
342 
480 




21 


5 
5 
5 


IK 


Bond at S. end 
Bond at S. end 
Bond at N. end 




64 

62 
63 

63 


7 300 

8 000 
8 000 

8 000 


13 700 

(No re 
12 000 

16 000 


277 

adings^ 
236 

310 


19 000 

17 100 
16 600 

18 400 


29 100 

37 000 
36 000 

39 800 


144 

130 
126 

139 


364 

331 
322 

356 


403 

366 
400 




22 


7 
7 

7 


2M 


Tension in steel 
Bond and tension 

in steel 
Tension in steel 




63 

60 
63 
60 


8 000 

6 000 
5 000 
8 000 






17 400 

16 000 
16 100 
15 400 


37 600 

40 000 

37 800 

38 500 


132 

121 
114 
117 


336 

312 
296 
301 


383 

459 
625 
696 




23 


8 
8 
8 


2H 
2% 
2H 


10 000 

12 000 

13 000 


210 
227 
256 

231 


Tension in steel 
Tension in steel 
Tension in steel 




61 


6 300 


12 000 


15 600 


38 600 


117 


303 


627 





{Table 38 contimted on page 166.) 



154 



ILLINOIS ENGINEERING EXPERIMENT STATION 



TABLE 31 — Continued from page 152. 
Data of Reinforced Concrete Beams — 1912 Series. 





Beam 
No. 


Length 
feet 


Longitudinal Reinforcement 


Beam 
from 
same 

Batch 


Mixture 
by Weight 


Compression Teats of 
6-in. Cubes* 


Group 


Size and Kind of Bar 


Per 
cent 


Age 
days 


Average of 3 

Tests 
lb. per sq. in. 




1055.1 
1055.2 
1055.3 

1055.4 
1056.5 
1059.6 

1055.7 
1055.8 
1099.9 

1050.4 
1090.9 
1050.6 

1050.1 
1050.2 
1050.3 

1046.1 

1046.2 

1046.3 

1046.4 
1046.5 
1046.6 

1047.1 
1047.2 
1047.3 

1048.1 
1048.2 
1048.3 

1048,4 
1048,5 
1048,6 

1049,1 
1049,2 
1049,3 


lOH 
10}^ 

lOM 

WVi 

lOJ^ 
lOH 

ma 

6M 

6M 
6i4 
6J^ 

sa 

6K 
6M 

6K 

m. 

i'A 

6M 
OH 
6H 

10"^ 
WA 
lOJ^ 


1-in. plain round 


0.98 
0.98 
0.98 

0.98 
0.98 
0.98 

0.98 
0.98 
0.98 

1.53 
1.53 
1.53 

1.66 
1.66 
1.66 

1,25 

1.25 

1.25 

1.25 
1.25 
1.29 

1.29 
1.29 
1.25 

1.24 

1,24 
1,24 

1,24 
1,24 
1.24 

1.24 
1 24 
1,24 


1052.4 

1048.4 
1060.2 

1050.1 
1053.1 

ioei'.s 

1055.7 
i647!3 
1054.1 

1048.3 
1047.1 

1048.6 

1046.4 
1096.3 
1050.3 

(1059,11 
\1060,1/ 

ioie^s 

1055,4 
1046 '6 


1-2.07-3.48 
1-1.99-3.28 
1-1.98-3.37 

1-2.03-3.28 
1-2.05-3.13 
1-1.97-8.27 

1-2.01-3.32 
1-2.09-3.44 
1-1.99-3.31 

1-1.99-3.09 
1-2.02-3.14 
1-1.99-3.32 

1-2.01-3.32 
1-2.02-3.29 
1-1.95-3.36 

1-1.93-3.26 

1-1.91.3.20 

1-1.93-3.25 

1-1.96-3.29 
1-1.96-3.39 
1-1,98-3.39 

1-1,96-3.29 
1-1.98-3.34 
1-1.95.3.36 

1-2.07-3.46 

1-1.96-3.24 
1-1.91-3.30 

1-2.03-3.28 
1-2.05-3.19 
1-1.98-3.34 

1-1.97-3.28 
1-2.01-3.19 
1-1.95-3.32 


61 

61 

60 
65 
67 

60 
62 
60 

60 
66 

62 
68 
99 

60 
68 
64 

60 
71 
99 

60 
61 

61 
65 

63 
62 


2069 


24 








1-in. plain round 






1-in. plain round 


1940 


25 








1-in. plain round 








2220 


26 




2980 






2870 


27 
28 


4 H-in, plain rounds 

4 %-m. plain rounds 

4 ^-in. plain rounds 

3 5^-in. plain rounds 

3 5<-in. plain rounds 

3 ^-in. plain rounds 


2170 
2700 
2390 

2220 
3290 

2580 


29 


(Side horizontal) 


3790 




(Side horizontal) 


2800 




(Side horizontal) 


2190 


,10 


(Placed on edge) 


1890 




(Placed on edge) 


2080 


31 

32 
33 
34 


(Placed on edge) 

1-in. twisted square bar 

(1 twist per lineal ft.) 

1-in. twisted square bar 

_ (1 twist per lineal ft.) 
1-in. twisted square bar 

(1 twist per lineal ft.) 

IH-in. corrugated round . , . 

IH-in. corrugated round . . , 
IH-in. corrugated round , , . 

IH-in. corrugated round . . . 
IH-in. corrugated round , , . 
IH-in. corrugated round . . , 

IK-in. corrugated round . , , 
IH-in. corrugated round . . 
l>^-in. corrugated round . . , 


2190 
2980 
2670 

2680 
3150 

1940 
3260 

2420 
2440 



* The average compressive streniiith of 36 6-in. cubes of hand-mixed concrete was 2200 lb. per aq. in.; of 93 cubes 
of machmc-mixed concrete, 2800 lb. per aq. in. 
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TABLE 32 — Continued feom page 153. 
Tests of Reinforced Concrete Beams — 1912 Series. 





Beam 

No. 


Test 
Span 
feet 


Dis- 
tance 

be- 
tween 
Loads 

feet 


Age 

at 

Test 

days 


Load 

at 
First 
Outer 
Crack 


At Fii-st Slip 
of End of Bar 


At Maximum Load 


Maxi- 
mum 
Bond 
Resist- 
ance 
in 
PuU- 
out 
Teste 




Group 


Ap- 
plied 
Load 


Com- 
puted 
Bond 

Stress 


Ap- 
plied 
Load 


Tensile 
Stress 

in 
Steel 


Verti- 
cal 

Shear- 
ing 

Stress 


Com- 
puted 
Bond 

Stress 


Failure of Beam 


24 


1055.1 
1055.2 
1055.3 

Av. 

1055.4 
1055.5 
1055. 6t 

Av. 

1055.7 

1055.8* 

1055.9° 

1050.4 
105O.5 
1060.6 

Av. 

1050.1 
1050.2 
1030.3 

Av. 

1046,1 
1046.2 
1046.3 

Av. 

1046.4 
1046.5 
1046.6 

Av. 

1047.1 
1047.2 
1047.3 

Av. 

1048.1 
1048.2 
1048.3 

Av. 

1048.4 
1048.5 
1048.6 

Av. 

1049.1 
1049.2 
1049. 3t 


10 
10 

10 




64 
60 
2yr. 


4 600 
4 000 
4 000 


(No en 
12 000 
10 400 


d slip) 
240 
205 


12 300 
12 300 
11 100 


39 300 
39 300 
34 300 


94 
94 
86 


242 
246 
220 


443 
566t 


Tension in steel 
Tension in steel 
Tension in steel 






4 000 

4 000 
4 000 
4 000 


U 200 

10 800 
9 500 
10 400 


222 

218 
190 
215 


11 900 

10 800 
9 900 

12 100 


37 600 

34 800 
32 200 

38 700 


91 

83 
76 
92 


236 

218 
201 
236 


601 

459 
599 
497t 




25 


10 
10 
10 


3K 


64 

as 

2yr. 


Tension in steel 
Tension in steel 
Tension in steel 






4 000 

4 000 
4 000 
4 000 

10 000 
12 000 
8 000 


10 800 

12 100 
10 000 
12 000 

24 000 

19 000 

20 000 


208 

242 
203 
240 

195 
156 
164 


10 900 

12 100 
12 80O* 
16 000° 

33 700 

34 000 
27 900 


35 200 

38 700 
24 300 
30 200 

40 300 
40 700 
33 500 


84 

92 
97 
121 

259 
261 
215 


218 

242 
255 
315 

269 
271 
225 


618 

562 
415 
349 

406 
691 
603 




26 
27 


10 
10 
10 

6 
6 
6 


3}^ 

6 

6 

2 
2 
2 


62 
93 
85 

60 
62 
60 


Tension in steel 
Bond at S. end 
Bond at S. end 

Tension in steel 
Tension and bond 
Bond at N. end 




61 

61 
62 
57 

60 

62 
62 
57 


10 000 

12 000 
12 000 
10 000 


21 000 

24 000 
20 000 
19 000 


172 

217 
183 
174 


31 900 

34 500 
26 000 
31 200 


38 200 

38 600 
29 200 
34 900 


245 

265 
201 
241 


265 

308 
235 
278 


500 

524 
619 
642 




28 


6 
6 
6 


2 
2 
2 


Bond at S. end 
Bond at N. end 
Bond at S. end 




11 300 

8 000 
10 000 
10 000 


21 000 

11 000 
11 000 
14 000 


191 

174 
174 
219 


30 600 

19 000 

19 300 

20 500 


34 200 

27 800 

28 200 
30 000 


236 

146 
148 
157 


274 

293 
298 
316 


562 

336 
287 
465 




29 


6 
6 
6 


2 
2 
2 


Bond at S. end 
Bond at S. end 
Bond at S. end 




60 

61 
62 
64 


9 300 

6 000 
8 000 
10 000 


12 000 

12 000 
11 000 

13 000 


189 

189 
177 
204 


19 600 

20 000 
12 000 
16 700 


28 700 

29 200 
17 800 
24 500 


150 

154 
94 
129 


302 

308 
188 
263 


363 

340 
275 
325 




30 


6 
6 
6 

6 
6 
6 

6 
6 
6 


2 
2 
2 

2 
2 
2 

2 
2 
2 


Bond at S. end 
Bond at N. end 
Bond at K. end 


31 


62 

62 
65 
60 


8 000 

11 000 
6 000 
6 000 


12 000 

15 000 
15 000 
12 500 


190 

237 
233 
196 


16 200 

21 800 
23 400 
20 600 


23 800 

31 800 
34 100 
30 100 


129 

167 
179 
158 


253 

335 
369 
317 


313 

447 
610 
443 


Bond at N. end 
Bond at N. end 
Bond at N.end 


32 


62 

70 
59 
60 


7 700 

13 000 

8 000 
8 OOO 


14 200 

15 000 
15 000 
18 000 


222 

258 
268 
310 


21 900 

31 550 

27 600 

28 300 


32 000 

48 000 

40 300 

41 300 


168 

239 
209 
216 


337 

541 
475 
486 


467 

781 
652 
696 


Bond at N. end 
Bond at N. end 
Bond at S. end 




63 

62 
63 
64 


9 700 

8 000 
8 000 
8 000 


16 000 

12 000 
14 000 

17 000 


275 

206 
240 
292 


29 100 

28 000 
27 700 
25 000 


41 900 

40 800 
40 500 
36 600 


231 

210 
209 
191 


501 

482 
477 
431 


710 

721 
706 
614 




33 


6 
6 
6 


2 
2 
2 


Bond at S. end 
Bond at N. end 
Bond at N. end 




63 

61 

63 

400 


8 000 

6 000 
8 000 


14 300 

18 000 

15 000 

16 000 


246 

310 
258 
275 


26 900 

21 000 
21 100 
23 200 


39 300 

52 500 
52 700 
58 300 


203 

160 
161 
175 


463 

369 
371 
400 


680 

587 
621 
619 




34 


10 
10 
10 


3^ 


Tension in steel 
Tension in steel 
Tension in steel 



• A load of 10 000 lb. (which caused a slip of 0.0002 in. at S. end), was maintained for 32 days; the load was 
then gradually increased until the bar pulled out on the 60th day at 12 800 lb. See Art 90. 

° A load of 16 000 lb. (which caused a slip of 0.0002 in. at S. end), was maintained till the bar pulled out. 
See Art 90. 

t Tested at about 80 days. 

X Esth load was released before a higher load vasi applied. Set Fig. 64 and 67. 
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84. Bond Resistance with Twisted Square Bars. — -The beams in 
group 31 were reinforced with one 1-in. twisted square bar. These bars 
were twisted cold (one twist per lineal foot) from the same stock as 
was used in the beams reinforced with plain square bars. Three pull- 
out specimens were made for each of the beams; the blocks were not 
reinforced against bursting. At an end slip of 0.0005 in. the bond 
stresses were 354 and 266 lb. per sq. in. for the beam tests and pull-out 
tests, respectively. Table 36 gives a summary of the bond stresses 
developed in the tests with twisted square, plain square, and plain round 
bars in the 1912 series. 

For the two stages of the tests included in the table the twisted 
bars give values about 20% higher than the plain squares in the beam 
tests and about 34% higher in the pull-out tests. The values for the 
twisted bars are about 12% lower than the plain rounds in the beam 
tests; in the pull-out tests the twisted bars are 8% lower than the plain 
rounds at a slip of 0.001 in. and show about the same difference at the 
maximum. The maximum load for the pull-out tests with the square 
twisted bars came at a slip of about 0.1 in. and was accompanied by 
the bursting of the concrete blocks while the maximum load for the 
plain rounds came at a slip of about 0.01 in. The bond stresses for 
the square twisted and the plain round bars at a slip of 0.01 in. were 
407 and 408 lb. per sq. in., respectively. These values are about the 
same as the maximum bond stresses for the plain rounds in the 1909 
pull-out tests (see Table 14). 

Load-deflection and load-slip curves for these beams are given in 
Fig. 85. It is seen that after end slip of about 0.001 in. is developed 
the action of the beams with twisted bars is quite similar to that in 
beams with plain square bars. 

Beam ISTo. 118, series of 1909 (see Fig. 77), reinforced with one 
1-in. twisted square bar acted in much the same way as the beams 
just discussed, except that after an end slip of 0.004 in. the bond re- 
sistance began to increase and a second maximum load about 3000 lb. 
higher than the first was carried. This phenomenon is similar to that 
observed in pull-out tests of twisted square bars as described in Art. 41. 

85. Bond Resistance with Corrugated Bars. — Six 6-ft. beams and 
three 10-ft. beams were reinforced with 1%-in. corrugated rounds 
(groups 32, 33 and 34). All the 6-ft. beams gave bond failures; the 
10-ft. beams failed in tension. 
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TABLE 34. 



SuMMABY OP Bond Stresses in Beam and Pull-out Tests — 

1912 Series. 

Stresses are given in pounds per square inch. 



CharacteristicB 



No. 

of 

Tests 


Age 
at 

Test 
days 


Bond Stress at EndlSlip of 
(inches) 


,0002 


.0005 


.001 


.002 


.005 


.01 



Computed 

Bond 

Stress at 

Maximum 

Load 



Beam Tests; 1-in. Plain Rounds. 



6-ft. span; Loads 2 ft. apart. 



6-ft. span; 
6-ft. span; 
6-ft. span; 
6-ft. span; 



Loads 
Loads 
Loads 

Loads 



2H ft. apart. , 

3 ft. apart. 
3M ft. apart. 

4 it. apart 



5-ft. span; Loads 1^ ft. apart. 

7-ft. span; Loads 2}4 ft. apart. 

8-ft. span; Loads 2^ ft. apart. 

10-ft. span; Loads .S^^ ft. apart. 

10-ft. span; Loads 6 ft. apart. 



9 

3 
3 
3 
3 

3 

3 
3 

7 

2 


64 

65 
66 
62 
64 

64 

63 
62 

89 


251 

247 
241 
223 
328 

277 

273 
231 
218 

222 


312 

334 
277 
275 
431 

312 

310 


345 

398 
288 
347 














307 
401 














334 
































259 



















Pull-out Tests; 1-in. Plain Rounds. 



Lowest two from each set of three tests.* 

All pull-out testa 

Highest from each set 

Lowest from each set 



64 
81 
27 
27 


"66' 


144 
158 
192 
123 


306 
319 
347 
289 


362° 
377 
413 
340 


389 
408 
450 
368 


410 
434 
480 
384 


417 
447 
491 
392 



Beam Tests; 5^-in. Plain Rounds. 



27 All beam tests.. 



3 


61 


172 


205 


235 















Pull-out Tests; 5^-in. Plain Rounds. 



Lowest two from each set of three tests". 

All pull-out teats 

Highest from each set 

Lowest from each set 



6 
9 
3 
3 


64' 


194 
221 

175 


337 
375 
452 
293 


394° 
435 
505 
345 


424 
460 
531 
363 


455 
490 
560 
400 


461 
490 
561 
402 



Beam Tests; %-in. Plain Rounds. 



28 AU beam testa.. 



3 


60 


186 


212 


242 















Pull-out Tests; J:i-in. Plain Roimds. 



Lowest two from each set of three teats °. 

All pull-out testa 

Highest from each set 

Lowest from each set 



6 
9 
3 
3 


"63' 


179 
220 
301 
125 


390 
403 
430 
365 


455° 
474 
510 
441 


490 
513 
559 
476 


619 
645 
595 
510 


536 
558 
604 
524 



" Used for comparison with bond stress^ in reinforced concrete beams. 
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TABLE 34— Continued. 



Group 



Characteristics 



No. 

of 

Teata 


Age 

at 

Teat 

days 


Bond Stress at End Slip of 
(inches) 


.0002 


.0005 


.001 


.003 


.005 


.01 



Computed 

Bond 
Stress at 
Maximum 

Load 



Beam Testa; 1-in. Plain Squares. 



29-30 



All beam tests. . 



6 


61 


190 


224 


248 









278 



Pull-out Tests; 1-in. Plain Squares. 



29-30 



Lowest two from each set of three teats*. 

All puU-out tests 

Highest from each set 

Lowest from each set 



115 
134 
171 
104 



209 
221 
244 
194 



241' 
256 
285 
220 



266 
281 
312 
241 



294 309 

312 328 

367 366 

266 283 



323° 
340 
372 
298 



Beam Tests; 1-in. Twisted Squares. 



31 All beam tests.. 



3 


61 


222 


254 


289 


310 


330 





Pull-out Tests; 1-iu. Twisted Squares, 



Lowest two from each set of three testa*".. 

All pull-out testa 

Highest from each set 

Lowest from each set 



8 
12 
4 
4 


"m' 


131 
145 
167 
113 


266 
278 
311 
252 


325° 
330 
348 
303 


351 
362 
407 
325 


386 
403 
459 
363 


407 
433 
493 
382 



428° 
467 
543 
409 



Beam Tests; IJ^-in. Corrugated Rounds. 



32-33 
34 



6-ft. span; loads 2 ft. apart. . . 
10-ft. span; loads 33^ ft. apart.. 



6 
2 


63 
62 


261 
293 


334 
335 


382 
349 


418 


458 


465 









482 
370 



Pull-out Tests; l^-iu. Corrugated Rounds. 



32-34 



Lowest two from each set of three tests ° 

All puU-out testa 

Highest from each set 

Lowest from each set 



18 
27 
9 
9 


"67' 


142 
154 
177 
132 


332 
353 
394 
304 


429° 
452 
498 
407 


490 
516 
570 
470 


548 
574 
625 
522 


571 
595 
639 
546 



630° 
654 



Pull-out Tests; 1-in. Rounds with Standard V-shaped Threads. 



Lowest two from each aet of three tests.. 

All pull-out testa 

Highest from each set 

Lowest from each set 



181 



410 
473 
351 



470 
505 
576 
431 



535 
680 
670 



592 
642 
738 
530 



613 
685 
757 
651 



677 
725 
813 
614 



* Used for comparison with bond stresses in reinforced concrete beams. 
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Load-deflection and load-slip curves for the 6-ft. beams are given 
in Fig. 86. The ends of the bar in the 6-ft. beams give a slip of 0.001 
in. at a computed bond stress of 383 lb. per sq. in. Beams with plain 
round bars give a bond stress of 345 lb. per sq. in. at the same amount 
of slip. The maximum bond resistance of the 6-ft. beams was 482 lb. 
per sq. in. as compared with 369 lb. per sq. in. for similar beams with 
1-in. plain rounds. The load at an end slip of 0.001 in. was 79% of 
the maximum for the beams with corrugated bars and 94% for the 
beams with plain round bars. The loads at first outer cracks are about 

TABLE 35. 

Bond Resistance in 6-ft. Beams Reinforced 

WITH Plain Round Bars. 

Each beam was reinforced with a single round bar 1 in. or IJi in. in diameter. 
All beams were loaded at the one-third points of the span. 
Stresses are given in pounds per square inch. 



Series 


Groups 


Number 

of 

Tests 


Age 

at 

Test 


Bond stress at Slip 
of End of Bar of 


Maximum 
Bond 

Resistance 


Com- 
pressive 

Strength 
ofWn. 
Cubes 




.0002 in. .0005 in. 


.001 in. 


1909 
1911 
1912 


1.5,9 
11-16 


6 
19 
9 


100 days 
8 mo. 
63 day? 


202 244 
240 306 
251 312 


265 
335 
345 


291 
377 
369 


1576 
3030 
2630 


Mean. 


236 295 


324 


356 















the same for the 6-ft. beams reinforced with corrugated bars as for 
other beams tested on the same span, whether plain round, plain square, 
or corrugated round — about 9000 lb. The load at first end slip of bar 
averaged 15 200 lb. for the beams with corrugated bars and 13 100 lb. 
for the beams with plain rounds. The average bond stress at first slip 
of end of bar was 261 lb. per sq. in. for the corrugated bars and 251 
lb. per sq. in. for the plain rounds. It is seen that the vertical shear- 
ing stresses developed at first outer crack noted are about the same for 
the two forms of bar, regardless of the difference in area of bars. At 
the maximum load the bond resistance of the beams reinforced with 
corrugated bars was about 30% higher than those with plain rounds. 
The beams tested on a 10-ft. span showed end slip to begin at 
about the same bond stress as in the 6-ft. beams. The 10-ft. beams 
reinforced with corrugated bars showed cracks much nearer the supports 
than were found in the beams with plain bars; see Pigs. 59c and 63d. 
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86. Effect of Span Length. — Besides the beams tested on a 6-ft. 
span, a group was tested on each of the following spans — 5, 7, 8, and 
10 ft. All the beams were reinforced with 1-in. plain rounds and were 
loaded at the one-third points of the span. Load-slip curves are given 
in Fig. 71 and 73. See the photographs in Pig. 63 for the appearance 
of these beams after failure. "ISTearly all the beams with spans of 7, 8 
and It) It. failed in tension and hence did not develop their maximum 
resistance to hond stresses. Notwithstanding this, the longer beams 
give data on the slip of bar at ends and at intermediate points and on 
the deflections and general behavior of such beams. 



TABLE 36. 
Bond Resistance with Twisted Square, Square, and Round Bars 

6-ft. beam teats from series of 1912; see Tables 31, 32, 33 and 34. 
Stresses are given in pounds per square inch. 



Size and Kind 
of Bar 


Reinforced Concrete Beam 
Tests 




Pull-out Testa* 




Number 

of 

Tests 


At End 
Slip of 
0.001 in. 


At 

Manmum 

Load 


Number 

of 

Tests 


At End 
Slip of 
0.001 in. 


At 

Maximum 

Load 


1 in. twisted square 
1 in. plain square 
1 in, plain round 


3 
6 
9 


289 

248' 

345 


337 

278* ' 
369 


8 
13 
54 


325 

241* 

362 


428 
323* 
426 



'*' As stated in Art. 73, the bond stresses considered in comparing the pull-out tests with the beam tests are the 
averages obtained after rejecting the strongest specimen from each set of three tests. See Table 34. 

* Beam No. 1046.5 gave abnormally low results. Omitting this test, the values for the beam tests with plain square 
oars are 283 and 295 lb. per sq. in., and for the pull-out tests, 265 and 355 lb. per sq. in., respectively. 

The computed bond stresses at first slip at the end of the bar were 
as follows:— 5-ft. beams, 377; 6-ft., 357; 7-ft., 373; 8-ft., 331; 10-ft., 
333 lb. per sq. in. If correction is made for the added embedded length 
due to the 3 in. overhang of the ends of the beam the following values 
of bond stress at first end slip are obtained: — 5-ft., 235; 6-ft., 333; 
7-ft., 344; 8-ft., 309; 10-ft., 306 lb. per sq. in. The stresses developed 
at the maximum loads were: — 5-ft. beams, 364; 6-ft., 369; 7-ft., 336; 
8-ft., 303 ; 10-ft., 230 lb. per sq. in. The last three values, however, do 
not measure the maximum bond resistance, since the beams failed b_y 
tension in the longitudinal steel. 

It is seen that there is not much difference in the computed bond 
stresses for beams of the span lengths tested, during the early stages 
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of the tests. This indicates that the distribution of bond stress is 
similar in beams of these lengths during the early stages of the test. 
However, it should be borne in mind that these computed values for 
bond represent only the average bond stress and that they give no in- 
formation as to the distribution of the bond stress or the actual bond 
stresses developed at various points. The discussion in Art. 68 and 95 
indicates the distribution of bond stress in beams of this kind. 

87. Effect of Position of Loads on Beam. — The beams in groups 
17, 18, 19 and 30 (span 6 ft.) were tested in order to study the effect 
of the position of the loads with respect to the beam supports. The 
beams in groups 21, 23 and 23, which were tested by loads applied at 
the one-third points of spans varying from 5 ft. to 8 ft., will be in- 
cluded in this discussion. All these beams had the same cross-section — 
8 in. wide and 10 in. effective depth — and were each reinforced with a 
single 1-in. plain round bar. The position of the loads with respect to 
the supports may be expressed in terms of the ratio of the effective 
depth of the beam, a, to the horizontal distance from the support to 
the load point, b: This ratio for the beams included in the discussion 
varied from 1.2 to 3.2. 

To make the comparison more nearly accurate, it will be desirable 
in the calculations to take into account the length of embedment of the 
bar beyond the point of support, which in all the beams was 3 in. To 
do this it is assumed that the full calculated tensile stress of the bar at 
the load point is taken oflf by a bond stress which is uniform in intensity 
from the load point to the end of the bar. The values so calculated will 
be less than the computed bond stresses given in Table 32. 

Fig. 50 has been plotted with the average computed bond stress 
for each group of beams as ordinates and with the ratio b/a as abscissas. 
The closed circles represent thelTond stresses developed at first end slip 
of bar; and the open circles represent the maximum bond stresses. 
It will be seen that the computed bond stress at beginning of end slip 
is nearly the same throughout the range of the tests. This confirms 
the conclusion stated in the preceding paragraph in the discussion of 
another series of tests, that during the early stages of the test the bond 
stress was probably distributed in a similar manner in these beams in 
which the loads were applied at different points on the span. The 
computed bond resistances at the maximum load are greater for the 
smaller values of the ratio b/a ; except for group 19 and 20 this differ- 
ence is not large. 
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A study of the position of the cracks in these beams shown in Fig. 
60 and 61 gives no indication that the location of the cracks is pro- 
ductive of these differences in the maximum bond resistance developed 
by the loads in different positions. Added friction due to the increased 
bearing pressures obtained with the beams having smaller values of h/a 
may increase the bond resistance somewhat, but this would be expected 
to affect the static friction element of bond at the beginning of slip 
and there is no evidence of such effect. It would seem, however, that the 
variation must be due to the presence of other than normal beam action. 
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Fig. 50. Effect of Position of Loads on Reinforced Concrete Beams. 



88. Effect of Auxiliary Beinforcement in Ends of Beams. — In 
addition to the main longitudinal reinforcement, consisting of 1-in. 
plain round bars, the beams in Group 16 were provided with two loops 
of %-in. round bars at each end extending from a point 3 in. inside 
the load points to the ends of the beam. The arrangement is shown in 
Fig. 2 (g). This increased the tension reinforcement outside the load 
points by 56%. The purpose of these tests was to discover the effect 
produced on the bond resistance as a result of retarding the opening of 
the usual outer cracks. The load-slip curves for these beams are shown 
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in Pig. 69, and the load- deflection curves in Pig. 81. Group 16 may 
be compared with Groups 14 and 15, which were the same except they 
did not have the auxiliary bars. The load at first crack outside the load 
points in Group 16 averaged 11' 300 lb. as compared with 9100 lb. for 
Groups 14 and 15; an increase of 24%. The bond stress at first end 
slip of bar, computed on the area of the main bar only, is raised from 
240 to 283 lb. per sq. in., an increase of 17%. The maximum bond 
resistance, based on the main bar only, is practically the same for each 
of these groups of beams. 

The photograph of these beams after failure (Pig. 60b) shows a 
different distribution of the cracks in the beams having auxiliary bars. 
Generally speaking, the main cracks came inside the load points near 
the end of the auxiliary bars. The characteristic sloping cracks of such 
beams are generally absent, although it seems probable that interior 
cracks which did not appear on the surface may have opened to an 
extent that permitted the same distribution of bond stress as was found 
in the other beams. The most striking effect arising from use of the 
auxiliary bars is found in the uniformity and regularity of the slip of 
bar at intermediate points of the bar as shown in Pig. 69 and discussed 
in Art. 94. 

89. Ejfect of Variation in Number and Size of Reinforcing Bars. 
— Pour %-in. plain rounds were used for longitudinal reinforcement 
in Group 27 and three %-in. rounds in Group 28. This corresponds 
to 1.63% and 1.66% of longitudinal steel, respectively, as compared 
with about 1% for the 1-in. plain rounds used in most of the beams. 
These beams were provided with U-shaped stirrups as shown in Pig. 
2(h). The measurements of end slip were made on the two outside 
bars. There was a marked uniformity in the behavior of the two out- 
side bars in nearly all the tests; generally the two instruments at the 
same end of the beams gave exactly the same reading; in other cases 
the larger value was used in plotting the load-slip curves in Pig. 84. 

The relation of the bond stresses developed in the beam and pull-out 
tests may be seen in Table 34. In the beam tests the % and 3^-in. bars 
show end slip to begin at a much lower computed bond stress than for 
the beams with 1-in. bars, but it is worth noting that this first end' 
slip came at loads which gave the same tensile stress in the steel at mid- 
span and hence presumably about the same amount of stretch of bar 
between load point and support. Por an end slip of 0.001 in. (using 
the values in Groups 14 to 16 for the 1-in. bars) the average computed 
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bond stresses are: %-in. bars, 235 ]b. per sq. in.; 3^-in. bars, 243; 1-inj 
bars, 345 lb. per sq. in. At the maximum loads the values are: 255, 
274 and 369 lb. per sq. in., respectively. Prom this it would seem that 
slip is a function of amount of stretch of bar as well as of bond 
surface. The loads at first outer crack are about the same for each of 
the groups of beams. The concrete may be expected to fail in tension 
at about the same load, and it seems that the anti-stretch cracks form 
at once. The appearance of one group of beams after test is shown in 
Fig. 63a. By comparing the photographs of the beams in Group 27 
with Group 14, it will be seen that the progress of these outer cracks 
may assist in explaining the difference in the bond stresses developed. 
For the beams reinforced with 1-in. plain rounds (Groups 14 and 15), 
the average distance of the outermost cracks which had appeared pre- 
vious to the first slip of bar at the end where bond /allure occurred, 
was 18 in. from the end of the beams; in Group 27, reinforced with 
four %-in. rounds, the corresponding distance is 11 in.; in group 28, 
reinforced with three %-in. rounds, 13 in. 

A consideration of the position of these outer cracks indicates that 
after such cracks are formed in beams of this length a large proportion 
of the bond stress is carried by the embedded length lying between the 
crack and the end of the beam, while a smaller proportion is carried by 
the part between the crack and the load point. This assumption makes 
the bond stresses of the outer embedded length more nearly the same 
for the three groups. It seems probable that the actual bond resistance 
developed in the outer embedded lengths' approaches the values developed 
in the pull-out tests. After cracks have formed in the concrete near 
the load points, it may be expected that an increasae of load will produce 
other cracks still nearer the support due partly to anti-stretch slip. This 
cracking progresses step by step toward the end of the beam until the 
remaining unbroken embedment of the bar is no longer able to furnish 
necessary resistance, and the beam finally fails by the bars pulling out. 
The progress of the formation of cracks is very well illustrated in th 
beams of Groups 27 and 28. In Beam No. 1050.2' a crack opened 
about 3 in. outside the K. load at 8000 lb.; another appeared 5 iii. 
farther out at 12 000 lb. ; and a third at 16 000 lb. In Beam No. 1050.3 
cracks appeared at the S. end at 14 000, 18 000, 29 000 and 31 000 lb. 

These tests indicate that the distribution of bond stresses in beams 
is influenced by the relation of the dimensions of the cross-section of 
the beam to the diameters of the reinforcing bars. 
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90. Effect of Repeated and Continued Loads on Beams. — In test- 
ing Beam No. 84 of the 1909 series, reinforced with one 1^-in. plain 
round, the load was applied progressively as in other tests, until one 
end of the bar had slipped about 0.0002 in. under an applied load of 
15 000 lb. The load was then released to 500 lb. The residual center 
deflection was 0.015 in. (see Pig. 51). At first loading, 6400 lb. load 
was required to produce this deflection. The load was then increased 
to 17 000 lb., causing a slip at the north end of the bar of 0.0006 in. 
Upon releasing the load to 900 lb. the residual deflection was over 0.02 
in. There was no recovery in the amount of the end slip of the bar 
upon release of the loads, although the bar had slipped an appreciable 
amount. The load was then reapplied up to a maximum of 20 500 lb., 
when the bar pulled out at the end which at first had shown the smaller 
slip. This phenomenon was observed in a few tests in the later series, 
showing that the bond resistance at the two ends was so nearly equal 
that failure was likely to come at either end, or at both ends at the same 
time. In most of the beam tests slipping was much more pronounced at 
one end than the other. 

The lack of recovery in the slip at the end of the bar in this beam 
test and in the repeated load tests on pull-out specimens is significant, 
and seems to be characteristic of plain bars. It will be seen in the test 
of Beam No. 1049.3 that corrugated bars do show some recovery of slip 
upon release of load. 

Beam No. 1055.9, reinforced with one 1-in. plain round bar, was 
loaded on a 10-ft. span at two points 6 ft. apart. The test progressed as 
usual until a load of 16 000 lb. (bond stress, 315 lb. per sq. in.) had 
been applied, which caused a slip of 0.0004 in. at the south end of the 
bar. This load was maintained until failure occurred after about 34 
hours. The changes in slip of bar with the time are plotted in Fig. 52. 
As was seen in the pull-out tests, after slipping becomes general, there 
is nearly a constant difference between the total slip at the end of the 
bar and at point (3). The slip at (1) was probably affected by the 
large diagonal crack which opened at that point. 

Beam No. 1039.3, reinforced with one 1-in. plain round bar, was 
loaded at the one-third points of a 6-ft. span. This beam was 7% 
months old at the time of test. A load of 26 000 lb. caused a slip of 
0.001 in. at the north end. This load was maintained constant until 
failure occurred after 66 hours. The end slip during the period the 
beam was under load is shown in Fig. 52. 
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Beam No. 1055.8, 10-ft. span, reinforced with one 1-in. plain round 
bar, was loaded at two points 6 ft. apart. The. load was increased as 
usual until the north end of the hav showed a slip of 0.0007 in. under a 
load of 10 000 lb. The load was maintained at 10 000 lb. for 32 days, 
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Fig. 61. Load-slip and Load-deflection Curves for a Beam under 
Repeated Loads, 

during which frequent observations of slip of bar and deflection were 
taken. After 32 days the load was increased 100 lb. per day until 
failure occurred on the 60th day of loading under a load of 12 800 lb. 
The slip of bar and the center deflections are plotted in Fig. 53. Slip- 
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Fic. 52. Slip of Bar in Beams under Constant Loads. 
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Fig. 53. Slip of Bar and Center Deflection of Beam No. 1055.8. 
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ping continued at a nearly constant rate while the load was maintained 
at 10 000 lb. There was no marked change in the rate of slip until the 
load had been increased by about 1000 lb. 

Fig. 54 shows the load-slip curves for Beam No. 1055.8. The 
curves have been plotted from the same origin in terms of the slip at 
the points where measurements were taken and the computed bond stress 
during the later stages of the test. 

The small diagram in Fig. 53 indicates the ratio of the end slip 
to the slip at points 6 in. and 13 in. from the end. When the load was 
first applied the slip of bar at the end was 70% and 40% of the slip 
at points 6 and 12 in., respectively, from the end; while near failure 
the slip at inner points was nearly the same as at the end. The slip- 
of-bar curves' indicate that, after slip became general, there was a nearly 
constant difference between the end slip and the slip at inner points 
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Fig. 54. Load-slip Curves for Beam No. 1055.8. 



where the concrete was unbroken. It seems probable from the way slip 
was progressing in this test that failure would have been produced under 
a load of 10 000 lb., if this load had been maintained for two or three 
months. 

The center deflection of the beam increased about 0.11 in. during 
the period of about 40 days in which the load was practically constant. 
This increase in deflection was probably due principally to the slip of 
the bar at the end of the beam where bond failure occurred. This slip 
amounted to about 0.007 in. at the south end after the beam had been 
under load 40 days. 

The tests described above in which the load causing a very small 
amount of slip at the end of the bar was maintained constant indicate 
that with beapis reinforced with plain bars the load which produces a 
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small end slip will, if acting indefinitely, endanger the permanency of 
the beam. 

91. Pull-out Tests with 1912 Beam Series. — A summary of the 
results of the tests on the pull-out specimens made with the 1913 
beams is given in Table 34. The load-slip curves have been plotted in 
Fig. 65. The tests were made at the age of about 65 days. The number 
of specimens of each kind is indicated by figures in parentheses. In 
these curves the average values from all the tests have been used; 
while for comparison with the bond stresses developed in the correspond- 
ing beams the average of the values from the lowest two of each set 
of three pull-out tests should be used. 

The 1-in. plain rounds averaged 448 lb. per sq. in. at the maximum ; 
the %-in. rounds about 11% higher, and the %-in. rounds about 25% 
higher. The 1-in. plain square bars gave values which are about 75% 
(range 69% to 78%) of those for 1-in. rounds. 

In the tests with 1-in. twisted square bars end slip began at a bond 
stress of 3'78 lb. per sq. in. — about a mean between the values for the 
1-in. plain rounds and the 1-in. plain squares. At an end slip of 0.03 in. 
the twisted bars gave a bond resistance of 448 lb. per sq. in., which is 
about the same as given by the plain rounds at their maximum at an 
end slip of 0.01 in. This is a somewhat better showing than was found 
for the twisted square bars in the 1909 series of pull-out tests (see Art. 
41). After a slip of 0.03 in., there was very little increase in the bond 
resistance of the twisted square bars., which reached 467 lb. per sq. in. 
at an end slip of 0.1 in.; this has been considered the maximum bond 
resistance. The concrete blocks split at a slip of about 0.1; they were 
not reinforced against bursting. 

The 1%-in. corrugated rounds gave an average bond resistance of 
453 lb. per sq. in. at an end slip of 0.001 in. — about 30% higher than 
the 1-in. plain rounds at the same slip. At an end slip of 0.01 in., 
corresponding to the maximum bond resistance of the plain rounds, the 
corrugated bars gave 595 lb. per sq. in. — 33% higher than the 1-in. 
plain rounds. The blocks split in all the corrugated-bar tests; splitting 
seemed to have begun soon after a slip of 0.01 in. was developed. 

1-in. round bars, with standard threads (8 per inch), showed the 
highest resistance at beginning of slip; at a slip of 0.001 in. the bond 
resistance was 505 lb. per sq. in., as compared with 377 for the 1-in. 
rounds and 453 lb. per sq. in. for the 1%-in. corrugated rounds. At 
an end slip of 0.01 in. the threaded bars gave a bond resistance of 685 
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lb. per sq. in. These bars split the blocks soon after developing an 
end slip of 0.01 in. 

92. Bond Resistance in 1912 Beam Tests and Pull-out Tests. — 
The summary in Table 34 shows the relation of the bond stresses for 
the beam and pnll-out tests for the 1912 series. The dimensions of 
the specimen and the embedded length may be expected to affect the 
bond resistance corresponding to different end slips, hence it will be of 
interest to compare the results of the beam and pull-out tests at the same 
amounts of end slip. In this comparison the average values from the 
lowest two specimens from each set of pull-out tests was used. 
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Fig. 55. Load-slip Curves for Pull-out Tests from 1913 Beam Series. 

The 6-ft. beams reinforced with 1-in. plain rounds, and loaded ii 
the usual way (Groups 14-16), showed about the same resistance to slip 
during the early stages of the tests as was found in the pull-out tests. 
At an end slip of 0.001 in. the values were : — 9 beam tests, 345 lb. per 
sq. in. ; 54 pull-out tests, 363 lb. per sq. in. At a slip of 0.002 in. the 
pull-out tests gave a bond resistance of 389 lb. per sq. in. ; the maximum 
bond resistance in the beams, which came at an end slip of about 0.002 
in., was 369 lb. per sq. in. For the tests with 1-in. plain rounds the bond 
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stress at an end slip of 0.001 in. was 85% of the maximum in the pull- 
out tests and 94% of the maximum in the beam tests. 

For the %-in. plain rounds at an end slip of 0.001 in. the beam testa 
gave a computed bond resistance of 235 lb. per sq. in. ; the pull-out tests " 
394 lb. per sq. in. For the %-in. bars the corresponding values were: 
beam tests, 24S lb. per sq. in. ; pull-out tests, 455 lb. per sq. in. For the 
%-in. bars the maximum computed bond stress in the beam tests was 
55% of the maximum bond resistance in the pull-out tests; for the %-in. 
bars, the corresponding value was 51%. The wide differences in the 
computed bond stresses in the beams reinforced with % and %-in. bars 
and the corresponding pull-out tests are due to the changes in the dis- 
tribution of the bond stresses in the beams as the test progresses, as 
was pointed out in Art. 68, and to the differences in the relative dimen- 
sions of the specimens. 

The 1-in. plain square bars gave about the same relative values for 
the beam and pull-out tests as was found for the 1-in. plain rounds; at 
an end slip of 0.001 in. the bond stresses were : 6 beam tests, 248 lb. per 
sq in.; 12 pull-out tests, 241 lb. per sq. in. The bond stress at an end 
slip of 0.001 in. was 75% of the maximum in the pull-out tests and 
89% of the maximum in the beam tests. 

93. Variation in the Results of Cube and Pull-out Tests. — The 
cube and pull-out tests made of 1-2-4 concrete in the 1912 beam series 
offer an opportunity to study the variation which may be expected in 
a large number of tests made under conditions which are fairly uniform. 
These -specimens were made from 44 batches of concrete and covered a 
period of about 3 months. This discussion includes 129 cube tests and 
57 pull-out tests. Table 37 shows the average strength and the variation 
in strength for the individual cube tests and for the averages of the 
groups of three tests for hand-mixed and machine-mixed concrete. It 
will be noted that for the compression tests the mean variations of the 
individual tests and of the group averages are about the same for both 
methods of mixing. The higher strength of the machine-mixed con- 
crete is in accordance with the usual experience, but the favorable show- 
ing as to the variation of the hand-mixed concrete is contrary to the 
relation usually assumed. 

Table 38 shows values for the pull-out tests of 1-in. plain rounds 
embedded 8 in. at an end slip of 0.001 in. and for the maximum load. 
In this table only the machine-mixed specimens have been considered. 
The values for a slip of 0.001 in. and for maximum load show about the 
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same variation. The pull-out tests show a greater mean variation from 
the average than the cube tests (16% and 10%, respectively) ; this justi- 
fies the practice of making five pull-out specimens in a set. However, 
it is instructive to note that the mean variations of the individual tests 
and of the groups for both cube tests and pull-out tests do not differ 
materially. 

TABLE 37. 
Variation in the Compressive Strength op 6-in. Concrete Cubes. 

1-2-4 concrete from the 1912 beam series. 
Age at test about 65 days. 





Hand-mixed Concrete 


Machine-mixed Concrete 




Number 

of 

Tests 


Average 

Crushmg 

Strength, 

lb. per 

sq. in. 


Mean 
Variation 


Number 

of 

Testa 


Average 

Crushing 

Strength, 

lb. per 

sq. in. 


Mean 
Variation 




lb. per 
sq. in. 


Per 

cent 


lb. per 
eq. in. 


Per 
cent 


Individual tests 

Average of seta of 
three testa 


36 
36 


2200 
2200 


204+ 
194* 


9.2 
8.8 


93 
93 


2800 
2800 


294+ 
281+ 


10.6 
10.0 



■ Plus or minus. 



TABLE 38. 

Variation of the Values of Bond Resistance in Pull-out Tests. 

Includes 57 tests with 1 in. plain round bars from the 1912 beam series. 

1-2-4 machine-mixed concrete. 

Embedment 8 in. Age at test, about 65 days. 

Stresses are given in pounds per square inch. 





. At End Slip of 0.001 in. 


At Maximum Bond Resistance 


Item 


Highest 


Lowest 


Average 


Mean 
Variation 


Highest 


Lowest 


Average 


Mean 
Variation 




lb. per 
sq. in. 


Per 

cent 


lb. per 
aq. in. 


Per 
cent 


Individual tests 

Average of sets ol 
three tests 


54n 
609 


213 
341 


371 
371 


55+ 
49+ 


14.8 
13.2 


090 
599 


225 
254 


440 
440 


73+ 
66+ 


10.6 
15.0 



•■ Plus or minus. 
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d. General Discussion of Reinforced Concrete Beam Tests. 

94. Slip of Bar at Internal Points in Reinforced Concrete Beams. 
— In many of the beams in the 1911 and 1912 series, measurements 
were made to determine the amount of slip in the reinforcing bar at 
points other than the ends. It has been found that these load -slip rela- 
tions, in view of the information derived from the pull-out tests, give 
valuable indications as to the bond stresses developed at different points 
along the length of the bar. 

Load-slip curves for a few representative tests are given in Fig. 
69 to 76. The curves in the figures are plotted in such a way as to indi- 
cate the amount and direction of movement of bar with respect to the 
adjoining concrete; they are plotted to the right or left with respect to 
the vertical line on the diagram which lies upon or nearest to the given 
point. Each horizontal division in the figures represents a slip of 0.001 
in. The position of the loads, reinforcement, cracks, and other general 
features of the beams are indicated in the figures. The numbers within 
circles in the diagrams and on the photographs of the beams after failure 
are opposite the positions of the instruments during the test. 

A survey of the load-slip curves will confirm the following observa- 
tions: Slipping of the bar through the concrete was a phenomenon 
of all the beam tests in which observations were made. The slip was 
not much influenced by the form of the reinforcing bars or by variations 
in the points of application of the load. Slip-of-bar was quite 
pronounced over the middle region of the beams at loads well below those 
causing the appearance of the first visible cracks in the concrete; this 
probably indicates that tension cracks were present in the concrete some 
time before they became visible on the whitewashed surfaces of the beam. 
Since there is no bond stress due to beam action in this region of the 
beam, it is apparent that this is what has been termed anti-stretch slip 
in Art, 68. The load-slip curves for points on the beams outside 
the region affected by cracks are regular and show that slip increases 
continuously under an increasing load, or with the lapse of time under 
load; the curves for points within the region afEected by cracks are in- 
fluenced by the proximity of cracks in the concrete, and show frequent 
irregularities and reversals in direction. Slip-of-bar is greatest in the 
immediate vicinity of a crack. The indicated direction of slip in the 
vicinity of a crack depends upon which side of a crack the instrument was 
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carried. The instruments on the near side of cracks somewhat removed 
from the middle of the beam and those approximately midway between 
the cracks near the middle of the beam generally show little or no slip 
of the bar. In general slip-of-bar is greatest on the far side of cracks 
near the load points. Slip-of-bar progresses from the load points or 
from the outermost cracks to the end of the beam at a rate nearly propor- 
tional to the increase of load. The rate of movement of the bar depends 
on various conditions, but it is approximately constant throughout this 
length after the end of the bar has slipped about 0.001 in. 

It was found in these tests that the small openings in the concrete 
which were made in the bottom of the beams to admit the plug against 
which the extensometer worked, invited tension cracks, except near the 
ends of the beams. These cracks frequently formed directly under the 
plate carrying the extensometer and no doubt affected the character of 
some of the curves. In some cases it was impossible to tell (except as 
may be inferred from the form of the resulting curve) which side of the 
crack was carrying the instrument. It is clear that cracks cannot form 
in a reinforced concrete beam without more or less slip of bar, and that 
the instruments near cracks will indicate the greatest amount of slip at 
any point in their vicinity rather than the average amount over some 
length of bar. The curves for points near the ends, where the concrete 
is unbroken, are ' generally regular, and may be taken to represent the 
true load-slip relation at these points. Generally slip-of-bar was more 
pronounced at one end than at the other, although in some of the tests 
the two ends behaved nearly alike. In many of the tests it could be 
predicted from the observed differences in the slip measurements, some 
time before the completion of the test, at which end of the beam bond 
failure would occur. 

Table 39 gives the loads corresponding to beginning of slip at the 
points where measurement was taken in the tests of 6-ft. beams in the 
1912 series. For one-third point loading, slip of bar at the middle be- 
came appreciable at about the same load for all the beams, regardless of 
the kind of bar used; this load averaged about 3700 lb., corresponding 
to a tensile stress in the concrete of 200 lb. per sq. in., if the concrete 
be considered as taking the entire stress. For the same beams slip of 
bar began under the loads at about 4400 lb; Tension cracks in the 
concrete were not generally visible until the load was more than double 
this amount. 
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The load-slip curves for Beam No. 1056.3 (Fig. 69) may be con- 
sidered typical of those obtained in the tests of 6-ft. beams reinforced 
with 1-in. plain rounds. In this test, slip was first observed in the 
middle portion of the beam at a load of about 4000 lb. At the middle, 
instrument (1), the bar is represented as moving toward the right, 
but the direction of movement would have been reversed had it happened 
that the instrument was carried on the other side of the crack. The slip 
at points south of the middle is greater in every instance than at the 
corresponding point at the north end of the beam. A general slipping 
of the bar occurred at the S. end at a load of about 14 000 lb. ; this slip 
varied from about 0.0003 in. at the end to 0.005 in. at the south load 
point. The computed bond stress at this load was about 270 lb. per 
sq. in. Slipping at the north end became general at a load of about 
16 000 lb. The beam failed by bond at the south end, as shown by the 
flattening of the curves at (3), (5), (7), and S. 

In Beam No. 1053.6 (Fig. 60b and 69), in which auxiliary bars were 
used outside the load points, slip-of-bar in the outer thirds began at a 
higher load than in other similar beams without these bars. This was 
probably due to the auxiliary bars taking a part of the tensile stress dur- 
ing the early stages of the test and thus relieving the tensile stress in the 
main longitudinal reinforcing bar at the points where slip-of-bar was 
measured. These auxiliary bars had the effect of reducing the number 
of large cracks outside the load points (or preventing them entirely) as 
shown in the photograph in Fig. 60b. The prevention of large cracks 
seems to have had the effect of causing a more uniform distribhition of 
the bond stress along the bar during the early stages of slip. Slip be- 
came general at both ends at a load of about 16 000 lb. ; this corresponds 
to an average bond stress of 308 lb. per sq. in. The slip at this load 
varied from 0.0005 in. at the north end to 0.0013 in. 1 ft. from the 
supports. The pull-out tests (average of lowest two from each set) 
gave a bond resistance of 306 lb. per sq. in. at an end slip of 0.0005 in. 
The presence of the auxiliary bars had no influence on the maximum 
bond resistance. 

The load-slip curves for the 1-in. square bars given in Fig. 74 show 
about the same general cliaracteristics as those for beams with round 
bars. In testing Beam No. 1046.1 measurements of slip of bar were 
made at eleven points. The low loads at which slipping began at points 
(4), (6) and (8) is noteworthy; the reversal of direction in the curves 
for points (4) and (6) was due to the opening of cracks near these points 
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at a load of about 7000 lb. In spite of the large amount of slip at 
point (8), failure occurred in the beam at the opposite end. The 
curves for corresponding points at the opposite ends of Beam No. 
1046.3 show an unusual uniformity. It will be seen by reference to 
Pig. 62b that cracks had formed near each of the instriunents (2), 
(3), (4), and (5) ; the symmetry of the curves is due to the fact that 
the instruments were in each case carried by the concrete outside the 
crack. The curves for Beam No. 1046.4 show the bar to have been 
slipping in one direction throughout nearly two-thirds of its length; 
however, the presence of a crack at the middle makes the indicated 
direction of movement of the bar at this point depend upon which side 
of the crack the instrument happened to be carried. 

Slip-of-bar measurements at intermediate points were made on two 
beams reinforced with 1-in. twisted square bars (see Fig. 75). The 
bond stresses developed were lower than those found with beams rein- 
forced with 1-in. plain rounds. The curves for these tests exhibit about 
the same characteristics as in the beams with plain bars. Vertical and 
diagonal cracks formed during the progress of the tests with about the 
same frequency as in the other beams. The nearly vertical direction of 
the curve for instrument (2) in Beam No. 1047.1 is due to the pres- 
ence of a crack at this point. The load-slip curves for the north ends 
of Beams No. 1047.1 and 1047.3 and for points 6 in. from the north end 
showed a large increase of slip at an applied load of about 15,000 lb., 
immediately after slip at these points became appreciable. 

Measurements of slip of bar at intermediate points were taken on 
four beams in which 1%-in. corrugated rounds were used for longi- 
tudinal reinforcement. Two beams (1048.3 and 1048.4) were tested on 
a 6-ft. span and two (1049.2 and 1049.3) were tested on a 10-ft. span. 
Load-slip curves are given in Fig. 75 and 76. Slip began at points 
near the middle of the beam at approximately the same loads as in the 
beams reinforced with plain bars. In the outer thirds, after slip began, 
the corrugated bar moved at a slower rate under a somewhat higher 
bond stress than the plain bars. Cracks in the beams reinforced with 
corrugated bars occurred with about the same frequency as in the 
beams with plain bars. The curves for points (2), (3), (4), and (5) 
on Beam No. 1048.3 (see Fig. 76) illustrate the effect of cracks on 
the amount of movement of the bar at the various points with respect 
to the adjacent concrete. Instrument (2) was carried by the concrete 
outside the crack, hence registered a very large movement; instrument 
(3) was carried by the concrete inside the crack, hence showed prac- 
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tically no slip. The crack near instrument (4) crossed the bottom 
of the beam in such a way that the instrument was carried by the 
concrete on both sides of the crack. Instrument (5) was about 3 in. 
outside a crack until near the maximum load, hence indicated about 
the normal amount of slip. The instruments at the ends and at 
points (6) and (7) were undisturbed by cracks and hence more 
nearly indicate the relation between load and the amount of slip, 
which may be expected under these conditions. 

The influence of span length on the slip of the reinforcing bars 
at internal points is shown for typical tests in Fig. 71, 72 and 73. 
The span varied from 5 to 10 ft.; the points of application of the 
load are shown in the figures. For convenience of reference the 
curves for Beam No. 1056.3 (6-ft. span) are repeated here to the 
same scale as used in the beams of other spans. It should be borne in 
mind that in general the 8 and 10-ft. beams failed in tension. The 
curves for Beam No. 1051.2 (5-ft. span) are about the same as found 
for the 6-ft. beams; slip became appreciable near the middle at a load 
of about 4000 lb. and gradually extended toward each end. The bond 
stresses developed in the 5-ft. beams at first end slip and at the maximum 
loads are about the same as for the similar beams of 6-ft. span. Slip 
began near the middle of the 7-ft. beams at a somewhat lower load 
than in the 6-ft. beams; slip near the ends of the bars began at a bond 
stress a little higher than in the 6-ft. beams. In the 8-ft. beams slip 
began near the middle at about the same load as in the 7-ft. beams. The 
slip at the ends of the bars did not amount to more than 0.001 in. in 
any case. In the 10-ft. beams loaded at the one-third points, slip of 
the bar became apppreciable near the middle at applied loads below 2000 
lb. Slip began at points 3 in. inside the supports at about the same load 
as in the 6-ft. beams. At the ends of the bars slip was only beginning 
at the maximum load. 

The 10-ft. beams loaded at two points 6 ft. apart behaved in much 
the same way as the 6-ft. beam of the same kind loaded at the one-third 
points. This is as was expected, since the relation of the dimensions of 
the beam (as far as bond and web stresses are concerned) were the same 
in both cases. These tests show that local slip of bar near the middle 
of the beam is found at loads which are lower than those at which ten- 
sion cracks appear in the concrete; this probably indicates that cracks 
were present some time before they became visible, and that beginning 
of slip was probably coincident with the opening of the most minute 
tension cracks. 
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la) Showing Instruments for Measuring Center Deflection and Slip of Bar 
at Intermediate Points. 




(b) Showing Instruments for ^Measuring Slip of Bar at End and at Inter- 
mediate Points. 



Fig. 56. Reinforced Concrete Beams in iMachine Ready for Test. 
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(a) Group 1. One 1-in. Plain Round Bar; No Stirrups. 




(b) Group 2. One 1-in. Plain Round Bar; J4-in. Stirrups. 







(c) Group 3. One 1-in. Plain Round Bar; J/^-in. Stirrups. 
Fig. 57. Reinfqrcpp Cqncretp Beams AFTER Test— 19H Series, 
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(a) Group 6. One 1-in. Plain Round Bar; 4 in. of Concrete Below Bar; 

No Stirrups. 
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(b) Groups 7 and 13. Ends of Beams Overhanging Supports 9 in. 
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(c) Groups 8 and 10. Ends of Beams Overhanging Supports 15 in. 
Fig. 58. Reinforced Concrete Beams after Test — 1911 Series. 
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(a) Groups 1 and 13. Beams No. 1040.1 and 1040.2 were Each Reinforced 
with One 1^-in. Corrugated Round Bar. 




(b) Groups 10 and 11. One V^-m. Plain Round Bar. 
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(c) Group 34. One IJ^-in. Cofrugated Round Bar; Span 10 ft. 
Fig. 59. Reinforced Concrete Beams after Test. 
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(a) Group 14. One 1-in. Plain Round Bar. 
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(b) Group 16. One 1-in. Plain Round Bar; Auxiliary Bars at 
Each End of Beam. 



^^mmm- 








1057.2 



1057.3 



(c) Group 17. One 1-in. Plain Round Bar, Span 6 ft. ; Loads S'l^ ft. Apart. 
Fig. 60. Reinforced Concrete Beams after Test — 1913 Series. 
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(a) Group 18. One l-in. Plain Round Bar, Span 6 ft.; Loads 3 ft Apart. 
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(b) Group 19. One l-in. Plain Round Bar, Span 6 ft.;. Loads 3i^ ft. Apart. 
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(c) Group 20. One l-in. Plain Round Bar, Span 6 ft.; Loads 4 ft. Apart. 
Fig. 61. Reinforced Concrete Beams after Test-1913 Series. 
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(a) Group 37. Four 5^-in. Plain Round Bars. 
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(b) Group 29. One l-in. Plain Square Bar. 
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(c) Group 32. One 1^-in. Corrugated Round Bar. 
Fig. 62. Reinforced Conckete Beams after Test — 1912 Series. 
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(a) Group 21. One 1-in. Plain Round Bar; Span 5 ft. 




(b) Group 22. One 1-in. Plain Round Bar; Span 7 ft. 
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(c) Group 23. One 1-in. Plain Round Bar; Span 8 ft. 



T 



T 



m. 



^" 



t:i \ }.i\ 



105 S.Z 



,„ B7 „» ,07 iM7 n I0SS5 

/"I ... i'L ly^< ~e ^\ "' I0S5.6 



'0k 



/6 M ^a 



j^^^ (^,. ,P?) ik/WW (g^ (3)1^77) j® ..!)_(§]! C?) k> (?) fi). "fe) (2) W 4 



(d) Groups 24 and 25. One 1-in. Plain Round Bar; Span 10 ft. 
Fig. 6^!. Reinforced Concrete Beams after Test — 1912 Series. 
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The curves for the groups of 6-ft. beams in which the loads were 
applied at varying distances apart exhibit some distinctive character- 
istics (see Fig. 69 and 70). These tests show with unusual distinctness 
the progress of slip of the bar from the middle toward the ends of the 
beams. There are many illustrations in this group as to the effect of 
cracks on the slip of the bar. The curves for point (1) in Beams No. 
1056.2 and 1057.3 show the amoiint of slip which may be expected very 
close to a crack at the middle of a beam; the curves for points (1) and 
(2) in Beam No. 1060.3 show that little or no slip occurred at points 
midway between two cracks in the portion of the beam where vertical 
shear was absent; the curves for points (3) and (4) in Beam No. 1057.2 
and for points (2) and (3) in Beam No. 1056.2 show that slip of bar 
may be erratic at points on the near side of a crack. Slip at points 
outside the loads was abnormally large on the far side of the cracks. 

95. Distribution of Tensile Stress along Reinforcing Bar. — The 
usual analysis of the stresses in a reinforced concrete beam indicates that 
in a beam loaded as in these tests (disregarding the weight of the beam) 
the tensile stress in the reinforcement is uniform between the loads and 
decreases at a uniform rate from the load points towards the ends, 
becoming zero at the supports. The slip of bar measurements which 
were made in many of the reinforced concrete beam tests gave some 
indication of the bond stresses being developed as long as the amount 
of slip was small and showed the general variations in bond stresses, 
but it will be recognized that after the slip of bar has reached an 
amount approximating that corresponding to the maximum bond re- 
sistance, such measurements are of no further value in indicating the 
amount of bond stress being developed. There are indications that 
the amount of slip corresponding to the maximum bond resistance of 
plain bars was not nearly so well defined in the beams as it was in the 
pull-out tests. In order to learn the amount of bond stress being de- 
veloped over any given length of bar in a reinforced concrete member, 
we must first determine the exact stress developed in the reinforcing 
bar at each point over this length for a given load. If we can accu- 
rately determine the variations in the steel stress the bond stress will 
also be known, since the bond stress developed in any length of bar rep- 
resents the change in tensile stress over that length. 

In the tests of three beams in the 1912 series careful measurements 
were made to determine the stress in the longitudinal reinforcing bar 
at frequent intervals throughout the span length. These tests will be 
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discussed in detail in the following paragraphs. All of these beams 
were 8 by 13 in. in section, 10 in. deep to the center of the reinforcing 
bar; they were tested by loads applied at the one-third points of a 10-ft. 
span. Beams No. 1055.3 and 1055.6 were each reinforced with one 
1-in. plain round bar; Beam No. 1049.3 was reinforced with one 1%-in. 
corrugated round bar. In Beam No. 1049.3 the tensile stresses were 
measured at 10 6-in. gauge lengths over only one-half the span length; 
in the other two tests the stresses were measured at 19 gauge lengths 
over the entire span. In all the tests the gauge lines formed a con- 
tinuous series. A non-fixed strain gauge was used in determining the 
change in stress.* Load was applied in increments of about 2000 lb. 
In the test of Beam No. 1055.3 the deformations in the reinforcing 
bar were measured at each increment of load; in the other two tests 
each load was released and measurement^) were taken to determine the 
residual stresses, before applying a higher load. In Fig. 64 to 67 the 
distribution of bond and steel stresses are shown for dilferent loads on 
the beams. In these figures the ordinates or abscissas to the curves 
show the amount of the stress in the reinforcing bar at any point for 
the loads shown, while the slope of these curves is proportional to the 
bond stress being developed. In Pig. 64 and 65 the curves for Beams 
No. 1055.3 and 1055.6 have been plotted by averaging the stresses at 
the corresponding gauge lines at the two ends of the beam and plotting 
the resulting values as the stresses for one-half the span length. This 
probably accounts in some measure for the greater regularity in the 
curves for beams reinforced with plain bars. It should be pointed out 
here that the values for steel stresses were determined from measure- 
ments over a 6-in. gauge length, and it is evident that the stress may 
vary considerably over this length of bar, especially at points where the 
bar has not slipped an amount corresponding to the maximum bond 
resistance. The stresses given on the diagrams are the averages over 
the entire gauge length. The plotted points indicate the location of the 
middles of the gauge lengths. It seems probable that a 6-in. gauge length 
was too long to accurately locate the points of maximum bond stress 
in the regio^ affected by cracks, but it was not practicable to use a 
shorter gauge length. Of course, the usual errors of observation may 
be expected to affect measurements of this kind. The presence of 
tensile cracks in the concrete was another disturbing factor. 

*For a detailed discussion of this strain gauge see "Tests of Reinforced Concrete Buildings 
Under Load," by Arthur N. Talbot and Willis A. Slater, University of Illinois Engineering 
Experiment Station Bulletin No. 64, 1918. Also, "Use of the Strain Gage in Testing M^ 
tenals," by Willis A. Slater and Herbert F. Moore; "Proceedings of the American Society 
for Testing Materials," 1918. 
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Table 40 gives some of tlie significant bond stresses for these beams 
as compTited by the usual method and as determined from the steel 
stress measurements. In this table and in the figures only the stresses 
due to the\ applied loads have been considered. The first column of ob- 
served stresses are generally the average stresses over a length of about 
12 in. in the portion of the beam about 4 to 16 in. outside the load 
points. The other column shows the average observed stresses over a 
length of 9 to 15 in. at the ends of the beam. The photographs in 
Fig. 59 and 63 show the location of cracks in these beams and their 
growth with increase of load. The numbers inside the circles at the 
level of the reinforcing bars are opposite the points at which measure- 
ments of steel stress were made. 



TABLE 40. 

DiSTHIBUTION OF BoND StEESS IN REINFORCED CONCRETE BeAMS. 

Beams 8 by 12 in. in section, 10 in. deep to center of reinforcing bar. Loaded at 
the one-third points of a 10-ft. span. 

All beams failed by excessive tensile stress in the reinforcing bars. 
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2 000 


38 


100 


16 








4 000 


76 


125 


34 


1056.6 


One 1-in. Plain Round 


2yr. 


6 000 


114 


191 


36 








8 000 


152 


226 


64 








10 000 


190 


201 


117 








11 700 


222 


165 


238 








2 000 


38 


48 


15 








4 000 


76 


75 


54 


1066.3 


One 1-in. Plain Round 


Syr- 


6 000 


114 


155 


95 








8 000 


152 


141 


100 








10 000 


190 


200 


130 








10 700 


203 


140 


156 








2 000 


34 


80 


20 








4 000 


68 


137 


45 








6 000 


102 


226 


95 








8 000 


135 


285 


135 








10 000 


170 


250 


150 


1049.3 


One IVi-in. Corrugated Round 


ia mo. 


12 COO 


204 


315 


150 








14 000 


236 


350 


225 








16 000 


270 


385 


260 








18 000 


306 


400 


290 








20 000 


338 


450 


315 








21 000 


355 


200 


360 








21 900 


370 




390 



• These stresses are, in general, the average bond stresses developed over a length of about 12 in. in the portion 
of the beam about 4 to 16 in. outside the load points. 

t The average observed stress over a length of 9 to 15 in. at the ends of the beam. 
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(b) Distribution of Tensile Stress in Longitudinal Bar. 



Fig. 64. Diagrams from Test of Beam No. 1055.6. One I-in. Plain Round 

Bar; Span 10 ft. 



ABRAMS — TESTS OF BOND BETWEEN CONCRETE AND STEEL 195 

Beam No. 1055.6, reinforced with one 1-in. plain round bar, failed 
by tension in the steel, although slip at each end of the bar at the 
maximum load amounted to about 0.002 in. Prom measurements of 
steel stress in this test it is seen that there i? a wide variation in the 
bond stresses developed at a given load along the bar through the region 
where beam bond stress is present. At a load of 2000 lb. the steel 
stress through the middle third of the beam was nearly constant, with 
evidence of the highest stress about 6 in. outside the load point. It is 
significant that the photograph of this beam, Fig. 63d, shows a crack 
at this point on both ends of the beam. This crack was not observed 
tintil a load of 4000 lb. had been applied, but it is evident that the 
measurements at 3000 lb. load indicate that stresses higher than usual 
were being developed at these points. At a load of 2000 lb. the average 
bond stress developed over the 6-in. length between the gauge lines (6) 
and (5) was about 100 lb. per sq. in.; a stress of about the same value 
was being developed between gauge lines (3) and (3), and it is signifi- 
cant that cracks opened at these points at low loads. It seems probable 
that the highest bond stress developed at a load of 3000' lb. was con- 
siderably higher than 100 lb. per sq. in., since the measurements over 
6-in. gauge lengths probably did not show the most rapid changes in 
steel stress. Over the 15-in. length from (2) to the end of the beam 
the bond stress at this load was about IG lb. per sq. in. At this load 
the computed bond stress was 38 lb. per sq. in. With a load of 4000 lb. 
the average bond stress developed over the 12-in. length from (6) to 
(4) was 125 lb. per sq. in.; from (3) to (2) about 300 lb. per sq. in.; 
from (2) to the end, 34 lb. per sq. in. The computed bond stress due 
to an applied load of 4000 lb. was 76 lb. per sq. in. In other words, 
an applied load of 4000 lb., which developed a steel stress in the middle 
third of about 13 000 lb. per sq. in., developed a bond stress over cer- 
tain regions of the span length equivalent to 90% of the computed 
bond stress at the maximum load carried by the beam. A load of 
6000 lb., which produced a tensile stress in the bar at the middle third 
of the span of about 30 000 lb. per sq. in., developed a bond stress 
between (6) and (5) of 191 lb. per sq. in.; at the end of the beam 
the stress at this load was 36 lb. per sq. in. A load of 8000 lb. pro- 
duced a bond stress from (6) to (4) of 236 lb. per sq. in., and 64 lb. 
per sq. in. at the end ; the computed bond stress at this load was 152 lb. 
per sq. in. With a load of 10 000 lb. on the beam the average bond 
stress over the length of 12 in. from (6) to (4) was 201 lb. per sq. in., 
or lower than was found in this region at a load of 8000 lb.; from (3) 
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to (2) the indicated load stress was 390 lb. per sq. in., but it is pos- 
sible that the points plotted for steel stress are somewhat erratic. There 
was a marked shifting of the stresses following a load of 10 000 lb. 
At the maximum applied load of 11 700 lb. the bond stress at points 
just outside the load had fallen still lower, while the stress near the 
ends of the beam was more than double what it was under a load of 
10 000 lb. At the maximum load the highest bond stress was devel- 
oped between points (4) and (2) and amounted to about 294 lb. per 
sq. in. It will be seen from Fig. 64b that the region of maximum bond 
stress was thrown from near the load point toward the end of the beam 
as the loading continued. It should be borne in mind that this beam 
was 2 years old at the time of test and did not fail by bond. The values 
in Table 40 show some of the changes which the bond stresses under- 
went as the load was increased. The bond stress near the load point 
did not show any marked increase after a load of 6000 lb., while at 
tlie end there was a continuous increase up to the maximum applied 
load. Still higher bond stresses could have been developed near the 
ends of the beam had the bar been of steel with a higher yield point. 
Fig. 64a shows that the residual stress in the reinforcing bar upon 
release of load was about proportional to the stress under load for the 
lower loads. After a load of 6000 lb. there is no further increase in 
the residual stresses. At loads near the maximum the residual stresses 
were nearly equal at all points except over the gauge lines nearest the 
ends. 

Beam No. 1055.3, reinforced with one 1-in. plain round, was simi- 
lar to No. 1055.6. In this test the loads were not released. Fig. 65 
shows the distribution of the tensile stress in the reinforcing bar for 
different loads ; the plotted points are the averages of the measurements 
at corresponding points in the two ends of the beam. This beam did 
not show as wide variations of bond stress as were found in the test 
of Beam No. 1055.6 discussed above, but many features of the tests 
are similar. It is noteworthy that the bond stresses developed near 
the ends of the beam were never more than about 75% of the com- 
puted bond stress. The bond stresses near the end are shown to be 
low by the fact that at the maximum load the end slip of the bar was 
only 0.0003 in. This beam failed by tension in the reinforcing bar. 
A further examination of the results of these tests on beams of similar 
make-up, as shown in the tables and diagrams, will indicate how much 
variation may be expected in the action of beams which are of the same 
dimensions and made of the same materials. 



ABRAMS TESTS OF BOND BETWEEN CONCRETE AND STEEL 



197 



Beam No. 1049.3 was reinforced with one 1%-in. corrugated round 
bar of high-carbon steel. This beam was tested at the age of 13 mo. 
on a 10-ft. span. Measurements were made to determine the variation 
in stress in the; reinforcing bar at 10 points along one-half the span 
length and to determine the amount of slip of bar at five points of the 
other half of the span. A complete set of observations were taken after 
the application of each load and another upon releasing each load. The 
observed values of steel stress and slip of bar are plotted in Fig. 66 
and 67. It will be noted that the load-stress curves from this test 
show much greater irregularities than were found in the other 
tests. This is probably largely due to the fact that in this test the 
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Fig. 65. 



Distribution of Tensile Stress in Bar in Beam No. 1055.3. 
One 1-in. Plain Round Bar; Span 10 ft. 



points are the result of a single measurement, whereas in the tests 
described above the points represent the average of the values from 
both ends of the beam. At a load of 4000 lb., about one-fifth the 
maximum applied load, a bond stress of 137 lb. per sq. in. was being 
developed over the region (6) to (4) and an average of about 45 lb. 
per sq. in. over the 21-in. length at the end of the beam. The varia- 
tion of bond stress throughout the test can be studied from the dia^ 
grams in Fig. 67 and from the values in Table 40. The observed bond 
stress over the region just outside the load point continued to rise until 
it reached 450 lb. per sq. in. at a load of 20 000 lb. Near the end of 
the beam the bond stress continued to rise until it reached 390 lb. per 
sq. in. at the maximum load of 31 900 lb. The highest bond stress 
observed over a considerable length of the bar in this test occurred be- 
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(b) Load-stress Curves for Longitudinal Bar. 

Fig. 66. Diagrams from Test of Beam No. 1049.3. One 1%-m. Corrugated 
Round Bar; Span 10 ft. 
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(b) Distribution of Tensile Stress in Longitudinal Bar. 

Fig. 67. Diagrams from Test of Beam No. 1049.3. One IJ/^-in. Corrugated 
Round Bar; Span 10 ft. 
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tween (3) and (1) at the maximum load, and amounted to 580 lb. 
per sq. in. It is evident that stresses as high as this must have occurred 
at all points along the bar from the load point to (3) at some stage 
of the test, but the measurements were not sufficiently refined or the 
observations taken at sufficiently frequent intervals to detect such 
changes. This makes it apparent that there must be very rapid changes 
in the distribution of bond stress along the bar in a test of this kind. 
Fig. 66a shows the slip of bar at five points in Beam No. 1049.3. The 
amount of slip measured at any point depends to a large extent upon 
the proximity of cracks in the concrete and the load-slip curves may 
be expected to show considerable variation due to this cause. The 
residual slip after release of load is equal to about one-half the total 
slip up to a load of about 16 000 lb. The residual tensile stresses in 
the bar exhibit about the same characteristics as the residual slip-of- 
bar measurements. It is noteworthy that the residual tensile stresses 
over the larger portion of the length under observation did not increase 
much with increase of load after a load equal to about one-half the 
maximum had been applied. It is probable that a period of rest fol- 
lowing the release of a load would have shown a material reduction in 
the residual stresses measured. 

These tests show that the actual bond stresses developed in beams 
of this kind vary widely at all stages of the tests and that the bond 
stress calculated in the usual way represents the average stress, but 
does not indicate the extremes of stress in different portions of the 
span where beam bond stresses are present. The actual bond stresses 
developed varied from less than one-half to more than twieei the cal- 
culated bond stress as determined in the usual manner. 

As was pointed out in Art. 68, "Phenomena of Beam Tests," these 
tests indicate tha?t at the early loads which develop the maximum beam 
bond resistance over a short length of bar outside the load points in 
beams in which the distance from the load to the support is as much as 
four times the effective depth, the bond stress developed near the ends 
of the bar may not be more than, say, 15% of the maximum bond re- 
sistance. The ratio of these stresses was not definitely determined, but 
the measurements of the tensile stress in the steel and the slip of bar 
indicate that the ratio given is approximately correct. It is probable 
that for longer beams the value would be found to be lower; in shorter 
beams the bond stress at the end of the bar when the maximum bond 
resistance was first developed outside the load points was probably as 
high as 40% of the maximum bond resistance. 
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In Fig. 68 is shown the distribution of bond and tensile stresses 
which may be expected in a reinforced concrete beam which fails by 
bond under two symmetrical loads. The curves indicate the changes 
which the stresses at different points undergo as the load is increased. 
In the region between the loads the tensile stress in the bar would be 
constant (disregarding the weight of the beam and the effect of anti- 
stretch slip) as indicated by the horizontal lines in the left portion of 
the figure. Between the load point and the support, the tensile stress 
at any point would be represented by the ordinates to the curves and the 
oblique lines, and the bond stress by the slope of these lines. The dia- 
gram indicates that the maximum beam bond resistance is first developed 
a short distance outside the load point at a load of 40% of the maximum 
load. The region over which the maximum bond resistance is being 
developed by a given load is indicated by the heavy solid lines. Since a 
bond stress much higher than the average is developed over a portion of 
the span, it is evident that at other points the bond stress must be less 
than the average. For a load 40% of the maximum the computed tensile 
stress outside the load point would be indicated by the ordinates to the 
dotted line KS, and the bond stress by the slope of this line, while the 
actual distribution of the tensile and bond stresses would be represented 
somewhat as shown by the curved solid line KS. This curve indicates 
that for a short distance outside the load point and near the support the 
bond stress is small, and that over a short length the maximum bond 
resistance is being developed. As the load is increased the region just 
outside the load point over which the bond stress is small is gradually 
extended and at the same time the portion of bar over which the maxi- 
mum bond resistance is being developed is lengthened and pushed nearer 
the support. At the load causing failure by bond the actual stress in the 
bar is somewhat as shown by the line TLOS. In other words, the 
maximum bond resistance developed is represented to scale by MK in- 
stead of by LE as computed; and at failure this maximum stress was 
being developed over the length of bar PS, instead of over the length 
ES, as assumed by the usual methods of calculation. The parabolic line 
TS represents the theoretical stresses for a uniformly distributed load 
which produces the same maximum tensile stress at the mid-span as that 
produced by the concentrated loads shown. This curve suggests that a 
uniform load gives a more favorable condition for bond than concen- 
trated loads. This is also evident from other considerations. 
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It is not intended that Fig. 68 should give a quantative indication 
of the distribution of stresses in any particular reinforced concrete 
beam. The presence of anti-stretch slip and the bond stresses due to 
this cause will greatly modify this distribution of stresses over certain 
regions of the span. However, it is clear that this somewhat idealized 
sketch does suggest the explanation of the discrepancy between the com- 
puted bond stresses in beam tests and the bond resistance found in other 
ways. The more accurate determination of the actual distribution of 
these stresses for beams of different make-up is a proper subject for 
further experimental study. 

96. Relation of Slip of Bar to Diagonal Tension Cracks. — About 
80 per cent of the beams reported in this bulletin failed in bond or an 
obvious combination of bond and diagonal tension. In many tests it 
was diflBeult to definitely assign the primary cause of failure, since the 
bar had shown considerable slip and at the same time there were evi- 
dences of failure from excessive diagonal tensile stresses in combination 
with the large slip. In assigning the manner of failure as shown in the 
tables, all the evidence of the test was considered- — the slip of bar at the 
ends and at intermediate points, the size and position of cracks in the 
beam and the calculated stresses in the steel and concrete. In some of 
the tests the measurements gave indications of bond failure, but the 
calculated tensile stress in the bar and the cracks in the beam showed 
that the longitudinal steel was over-stressed at the middle of the span. 

At failure nearly all of the beams except those of the longer spans 
showed one or two prominent diagonal cracks at one or both ends about 
midway between the load and the support. In Tables 38 and 34 the 
applied loads on the beam at the time of the observation of the first 
outer crack and at the first slip of the ends of the bar have been given 
in parallel columns. Eeference to Fig. 69 to 76 and to Table 39 will 
show that slip of bar becomes appreciable at points about midway 
between the loads and the supports at loads about one-third the 
maximum for the beams reinforced with plain bars and loaded at the 
one-third points. For 25 tests on such beams the first visible crack 
outside the load points appeared at loads averaging 57% of the 
maximum and slip at the end began at 70% of the maximum load. 
These tests show that there is a considerable slip at the point where 
the diagonal cracks appear before these cracks became visible and 
indicated that the opening of these outer cracks was probably due 
primarily to slip of bar. The proportion of this slip due to beam 
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bond stress and to anti-stretch slip will depend upon the dimensions 
and reinforcement of the beam. The bars used in these test beams were 
relatively large. The differences between the conditions in the middle 
third of the beam length and in the outer thirds should be kept in 
mind. In the middle region beam bond stress is not brought into 
action and the slip is wholly of the nature of what has been termed 
anti-stretch slip. In the outer thirds there is a combination of beam 
bond stress and of bond stress due to anti-stretch slip. The first outer 
crack generally became visible at a slip of bar of 0.003 to 0.005 in. 
It is evident that diagonal cracks may open at a very small slip of 
bar and that they open at loads which give very small end slip and even 
before end slip is noted. In the beams of Group 6 in which 4 in. of 
concrete was placed below the center of the bar, the cracks were 
restricted to the region within the load points or to a short distance 
outside (see Fig. 58a). The vertical shearing stresses developed were 
considerably higher than in other beams which were not reinforced 
with vertical stirrups. 
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Fig. 68. 



Idealized Diagram Showing the Distribution of Tensile and Bond 
Stresses in a Simple Reinforced Concrete Beam. 
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97. Influence of Slip of Bar upon Beam Deflection. — Several 
treatises on reinforced concrete develop formulas which are intended 
to give expressions for the center deflection of a reinforced concrete 
beam, when the dimensions of the beam, the condition of the ends and 
the loading are known. These formulas will not be considered here, 
except to say that they are based on the usual deflection formula for 
homogeneous beams but modified to involve the assumptions that are 
commonly made in the analysis of reinforced concrete beams. These 
formulas show that beam deflection is a function of the loading, con- 
dition of the ends of the beam, span length, the elastic properties of 
the material and the dimensions of the section. With a combiaation 
of two materials having such different properties as concrete and steel 
and owing to the variation in the modulus of elasticity of concrete as 
the compressive stress increases, the deflection of a reinforced con- 
crete beam is an extremely complex function. However, formulas 
have been devised which give fairly accurately the value of the deflec- 
tion up to working loads if the proper value is assigned to the modulus 
of elasticity of the concrete. 

One of the assumptions referred to above is that a plane section 
before flexure is a plane section after flexure. We have seen that 
during the greater part of the test of a reinforced concrete beam, slip 
of bar is an important phenomenon, and we may expect slip of bar to 
exert a marked influence on the deflection. Turneaure and Maurer,* 
in an investigation of deflection of reinforced concrete beams found 
that their formula gave values for deflection which were close to the 
true ones up to about one quarter of the maximum load carried by 
the beam. This is about the load at which slip of bar became pro- 
nounced through the middle portion of the span and we may expect 
that from this point the deflection is considerably influenced by slip of 
bar. As long as slip of bar is not general, there is no distinct change 
in the course of the load-deflection curve due to this cause, although 
its effect must be present from the time slipping begins. In homo- 
geneous beams the additional deflection due to shear is neglected. In 
reinforced concrete beams the deflection due to slip of bar is an analogous 
quantity which has an important influence on the total deflection of the 
beam. As soon as slip of bar becomes general, as indicated by slip at the 
ends, we may expect the deflection to respond more rapidly to this cause. 
Many of the load-deflection curves in Fig. 77 to 86 show a decided in- 



•Principles of Reinforced Concrete Construction, 1909. 
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crease in deflection immediately following the beginning of slip at the 
ends of the bar. Noteworthy examples of this action are found in Beam 
No. 1053.6, Fig. 81; Beam No. 1050.1, Fig. 84; Beam No. 1048.4, 
Fig. 86. 

98. Critical Bond Stress in Reinforced Concrete Beams. — ^The fore- 
going discussions of beam tests in which slip of bar was measured indi- 
cate that slip of bar is found at relatively low loads. It was seen that 
slip of bar occurred first in the middle portion of the span at early loads. 
With increase of load slip of bar progresses through the outer thirds 
toward the ends. With the appearance of slip of bar at the ends of the 
beam, slip had become general through the region of beam bond stress 
and the beams were not able to permanently withstand a load apprecia- 
bly greater than that causing first end slip. The tests indicate that a 
very small end slip may correspond to a critical bond stress. 

The average bond stresses computed on the basis of the vertical 
shear are not the actual stresses being developed. As has already been 
pointed out, the tests show that maximum bond resistance is developed 
at certain points of the bar at loads much below that causing bond 
failure in the beam. Certain observations indicate that the bond stress 
first reaches the value of the maximum bond resistance in the portion 
of the span in which beam bond stresses are developed, at points a short 
distance outside of the load points. Anti-stretch slip may act to increase 
the bond stress developed over certain regions of the span. While slip 
of bar gives an indication of the bond stress being developed at any point 
as long as the amount of slip is small, it should be noticed that after 
the slip of bar has exceeded an amount corresponding to the maximum 
bond resistance further slip gives no indication of the amount of bond 
stress being developed. 

99. Working Stresses for Bond. — The Committee on Concrete and 
Eeinforced Concrete,* appointed by four of the leading American engin- 
eering societies (commonly known as the "Joint Committee") recom- 
mended the use of a bond stress equivalent to 4% of the compressive 
strength of the same concrete at 28 days of age for plain bars of ordinary 
mill surface and values one-half as great for drawn wire. The com- 
pressive strength of the concrete is to be determined from tests on 8 by 
16-in. cylinders. For concrete giving a compressive strength of 2000 lb. 
per sq. in., at 28 days, the allowable bond stress is 80 lb. per sq. in. for 

*See report in Proceedings of the American Society of Civil Engineers, Feb., 1913. 
Also Proceedings of the American Society for Testing Materials, 1913, p. 228. 
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plain bars. These values have been generally accepted by American 
designers. The British Joint Committee on Eeinforced Cdincretef 
recommended the use of a bond stress of 100 lb. per sq. in. in concrete 
having a compressive strength of 1800 lb. per sq. in. when tested in the 
form of cubes not less than 4 in. on a side or cylinders not less than 
6 in. in diameter and of a length not less than the diameter. Tests re- 
cently made at the University of Illinois on compression specimens of 
different forms show that the compressive strength of 6-in. concrete 
cubes is about 37% higher than that of 8 by 16-in. cylinders. On this 
basis the British Committee's concrete would have a compressive strength 
about 70% of the American Committee's concrete and the allowable 
working bond stress would be about 80% higher than the corresponding 
values of the American Committee, considering the quality of the con- 
crete. 

It was seen in Art. 48 that the average bond stress in the pull-out 
tests when end slip began was about 17% of the compressive strength of 
6-in. cubes made from the same concrete. Keducing this to the basis 
used above, we may say that slip began in the pull-out tests at a 
bond stress equal to about 13% of the compressive strength of 8 by 
16-in. cylinders. In the same way the ultimate bond resistance in the 
pull-out tests discussed in Art. 48 was about 19% of the compressive 
strength of 8 by 16-in. cylinders. Certain of the beam tests indicate that 
the actual bond resistance of a bar embedded in a reinforced concrete 
beam was not materially different from that of pull-out specimens made 
in the same position. The working stress recommended by the American 
Joint Committee is equal to about % the bond stress corresponding to 
first slip of bar and to about 1/5 the ultimate pull-out resistance of plain 
bars. Apparently this indicates a factor of safety of about 3 against slip 
of bar, if we consider first slip of bar in the region where beam bond 
stresses are developed as the critical stress. However, we have seen that 
on account of the unequal distribution of bond stress in beams loaded 
at the one-third points, the bond stresses actually developed over a short 
length outside the loads is probably near the ultimate bond resistance 
even for working loads at the age of the beams tested. This in reality 
may not be a serious consideration since there should be a sufficient 
reserve of bond resistance in the embedded portion of the bar where the 



tSee Second Report Joint Committee on Reinforced Concrete, publislied by the Royal 
Institute of British Architects, 1911. 
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bond stress is low, and an additional Reserve in the increasing bond re- 
sistance with the increase in the age of the concrete. From the way in 
which the steel stress is distributed in Figv 64 to 67, it would seem that 
the stress conditions of a beam under a uniformly distributed load are 
more favorable to bond resistance than the system of concentrated loads 
used in the tests. It would appear that the values of working stresses for 
bond recommended by the British Committees are entirely too high con- 
sidering the grade of concrete. The values of the American Committee 
are as high as should be used under average conditions of workmanship. 
The data for beams reinforced with deformed bars are not as com- 
plete as for plain bars, but on account of the undesirable secondary 
stresses which are introduced in the concrete as a result of high bond 
stresses, it seems the part of wisdom to use the same values for deformed 
as for plain bars. However, it should be recognized that properly de- 
signed deformed bars may be expected to give a greater uniformity of 
steel stress than plain bars, and they may be counted upoil;' to guard 
against local deficiencies in bond resistance due to lack of care in plac- 
ing the concrete around the bars or to other defects due to poor work- 
manship. 

IV. Summary. 

100. Summary. — The tests covered a wide range of conditions and 
the results have a significant bearing on the nature of bond resistance, 
the action of bars of different forms under bond stress, and the behavior 
of beams subjected to high bond stresses. The load-slip determinations 
have given definite information on the nature and distribution of bond 
resistance. The following is a resume of the principal observations and 
conclusions which have been stated and discussed in the text. Para- 
graphs 2 to 34, inclusive, refer primarily to the results of the pull-out 
tests. 

(1) Bond between concrete and steel may be divided into two prin- 
cipal elements, adhesive resistance and sliding resistance. The source of 
adhesive resistance is not Imown, but its presence is a matter of uni- 
versal experience with materials of the nature of mortar and concrete. 
Sliding resistance arises from ineqiialities of the surface of the bar and 
irregularities of its section and alignment together with the correspond- 



208 ILLINOIS ENGINEERING EXPERIMENT STATION 

ing conformations in the concrete. The adhesive resistance must be 
overcome before sliding resistance comes into action. In other words, 
the two elements of bond resistance are not effective at the same time at 
a given point. Many evidences of the tests indicate that adhesive re- 
sistance is much the more important element of bond resistance. 

(3) Pull-out tests with plain bars show that a considerable bond 
stress is developed before a measurable slip is produced. Slip of bar 
begins as soon as the adhesive resistance is overcome. After the adhesive 
resistance is overcome, a further slip without an opportunity of rest is 
accompanied by a rapidly increasing bond stress until a maximum bond 
resistance is reached at a definite amount of slip. 

(3) The true relation of slip of bar to bond stress can best be 
studied by considering the action of a bar over a very short section of 
the embedded length. The difficulties arising from secondary stresses 
made it impracticable to conduct tests on bars embedded very short 
lengths. The desired results were obtained by varying the forms of the 
specimens in such a way that the effect of different combinations of 
dimensions could be studied. 

(4) Pull-out tests with plain bars of the same size embedded dif- 
ferent lengths furnish data which suggest the values of bond resistance 
over a very short length of embedment, or indicate values of bond resist- 
ance which are independent of the length of embedment. Tests with 
bars of different size which were embedded a distance proportional to their 
diameters give the true relation when the effect of size of bar is elim- 
inated. Two series of tests of this kind on plain round bars of ordinary 
mill surface gave almost indentical values for bond resistance after 
eliminating the effect of length of embedment and size of bar, and we 
may consider that these values represent the stresses which were de- 
veloped in turn over each unit of area of the embedded bar as it was 
withdrawn by a load applied by the method used in these tests. These 
tests showed that for concrete of the kind used (a 1-3-4 mix, stored in 
damp sand and tested at the age of about 60 days) the first measurable 
slip of bar came at a bond stress of about 360 lb. per sq. in., and that the 
maximum bond resistance reached an average value of 440 lb. per sq. in. 
If we conclude that adhesive resistance was overcome at the first measur- 
able slip, it will be seen that the adhesive resistance was about 60% of 
the maximum bond resistance. This ratio did not vary much for a wide 
range of mixes, ages, size of bar, condition of storage, etc. 
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(5) Sliding resistance reached its maximum value for plain bars 
of ordinary mill surface at a slip of aBout 0.01 in. The constancy in 
the amount of slip corresponding to the maximum bond resistance for 
a wide range of mixes, ages, sizes of bar, conditions of storages, etc., is a 
noteworthy feature of the tests. With further slip the sliding resist- 
ance decreased slowly at first, then more rapidly, until with a slip of 
0.1 in. the bond resistance was about one-half its maximum value. 

(6) Pull-out tests with plain round bars show end slip to begin 
at an average bond stress equal to about one-sixth the compressive 
strength of 6-in. cubes from the same concrete; the maximum bond 
resistance is equal to about one-fourth the compressive strength of 
6-in. cubes. These values were about the same for a wide range of 
mixes, ages and conditions of storage. In terms of the compressive 
strength of 8 by 16-in. concrete cylinders these values would be about 
13% for first end slip and 19% for the maximum bond resistance. 

(7) The tests indicate that bond stress is not uniformly distributed 
along a bar embedded any considerable length and having the load 
applied at one end. Slip of bar begins first at the point where the bar 
enters the concrete, and the bond stress must be greater here than else- 
where until a sufBcient slip has occurred to develop the maximum bond 
resistance at this point. Slip of bar begins last at the free end of the 
bar. After slip becomes general, there is an approximate equality of 
bond stress throughout the embedded length. 

(8) Small bars gave a bond resistance somewhat higher than the 
large bars during the early stages of the test. This was probably on 
account of greater irregularity of section and alignment of the smaller 
bars. The maximum bond resistance was not materially different for 
bars of different diameters. 

(9) Computations based on the elastic properties of the materials 
indicate that in the pull-out tests the tensile deformation in the bar had 
a much greater effect on the amount of bond stress which permitted a 
given slip of bar than had the compressive deformation in the concrete 
block in which the bar was embedded. 

(10) Eusted bars gave bond resistances about 15% higher than 
similar bars with ordinary mill surface. 

(11) The tests with flat bars showed wide variations of bond 
resistance and were not conclusive. Square bars gave values of unit- 
stress about 75% of those obtained with plain round bars. 
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(13) T-bars gave lower unit bond resistance than plain round 
bars, but gave about double the bond resistance per unit of length that 
vras found for the plain round bars of the same sectional area. 

(13) With polished bars the bond resistance is due almost entirely 
to adhesion between the concrete and steel. Numerous tests with pol- 
ished bars embedded in 1-2-4 concrete and tested at 60 days indicated 
a maximum bond resistance of about 160 lb. per sq. in., or about 60% 
of the bond resistance of bars of ordinary surface at small amounts of 
slip. This value agrees closely with tests reported elsewhere, and appar- 
ently represents the value of the tangential adhesion between any clean 
steel and concrete of this quality. The sliding resistance of polished bars 
was very low. 

(14) Tests with, polished bars with wedging and non- wedging 
tapers showed that adhesion was broken for both types of bar at about 
the same bond stress as in the polished bars of uniform section. 

(15) The tests with polished bars with wedging taper showed that 
after the adhesion was broken a considerable movement of the bar (as 
much as % in. with the smallest tapers) was required before the bond 
resistance again reached the amount which was at first carried by the 
adhesive resistance. The amount of movement necessary to restore the 
bond stress to the value of the original adhesive resistance was inversely 
proportional to the amount of taper. This indicates that a definite 
normal compression must be developed in the surrounding concrete before 
a longitudinal component equivalent to the original tangential adhesion 
is produced. 

(16) It was noted in the tests with plain bars that sliding resist- 
ance was due to inequalities of the surface of the bar and to irregularities 
of its section and alignment. The projections on a deformed bar give 
an exaggerated condition of inequality of surface or irregularity of sec- 
tion. Adhesive resistance must be destroyed and the usual sliding 
resistance largely overcome and the concrete ahead of the projections 
must undergo an appreciable compressive deformation before the projec- 
tions on a deformed bar become effiective in taking bond stress. The 
tests indicate that the projections do not materially assist in resisting 
a force tending to withdraw the bar until a slip has occurred approxi- 
mating that corresponding to the maximum sliding resistance of plain 
bars. As slip continues a larger and larger portion of the bond stress is 
taken by direct bearing of the projections on the concrete ahead. 
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(17) In determining the comparative merits of deformed bars, 
the bar which longest resists beginning of slip should be rated highest, 
other considerations being equal. The bond stresses developed at an end 
slip of 0.001 inch furnished the principal basis of comparison for the 
different types of deformed bars. At an end slip of 0.001 in. 12 sets 
of deformed bars of %-in. and larger sizes embedded 8 in. in 1-2-1 
concrete, tested at about 2 months, developed an average bond resistance 
of 318 lb. per sq. in., 4% higher than the corresponding value for plain 
bars. At this stage of the test, two sets of deformed bars gave practically 
the same bond resistance, five sets gave lower values, and five sets higher 
values than the plain rounds. At an end slip of 0.01 in., corresponding to 
the maximum bond resistance of plain bars, the average bond resistance 
of the 13 sets of deformed bars was 445 lb. per sq. in., 10% higher than 
plain rounds. At this stage of the test two sets gave about the same values, 
two sets gave lower values, and eight sets gave higher values than the 
plain bars. The hooping used in these specimens had a marked effect 
in increasing the bond resistance even at small amounts of slip. 

(18) The concrete cylinders of the pull-out specimens with de- 
formed bars were reinforced against bursting or splitting, because it was 
desired to study the load-slip reJation through a wide range of values. 
The bond stresses corresponding to an end slip of 0.1 in. are the highest 
stresses reported for the deformed bars. In only a few tests was the 
maximum bond resistance reached at an end slip less than 0.1 in. It 
should be recognized that, in general, the bond stresses reported for de- 
formed bars at end slip of 0.05 and 0.1 in., could not have been developed 
with bars embedded in unreinforced blocks. These high values of bond 
resistance must not be considered as available under the usual conditions 
of bond action in reinforced concrete members. In the tests in which 
the blocks were not reinforced, evidence of splitting of the blocks was 
found at end slips of 0.02 to 0.05 in. 

(19) The normal components of the bearing stresses developed by 
the projections on a deformed bar may produce very destructive bursting 
stresses in the surrounding concrete. The bearing stress between the 
projections and the concrete in the tests with certain types of commercial 
deformed bars was computed to be from 5800 to 14 000 lb. per sq. in. 
at the highest bond stresses considered in these tests. For bars having 
projections of different heights and spacing, the bearing stresses on the 
projections at the highest bond stresses considered were inversely propor- 
tional to the bond stress which had been developed by the bar at an end 
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slip of 0.01 in., the slip at which the projections were beginning to be 
effective. These considerations show that the ratio of the area of the 
projections measured at right angles to the bar to the superficial area 
of the bar in the same length is the proper criterion for judging of the 
effective bond resistance of a deformed bar. In some forms of bar the 
bearing stresses must have been much higher than the values given above. 
The large slip and the high bearing stresses developed in the later stages 
of the tests show the absurdity of seriously considering the extremely 
high values that are usually reported to be the true bond resistance of 
many types of deformed bars. 

(20) Bound bars with standard V-shaped threads gave much 
higher bond resistance at low slips than the commercial deformed bars. 
The average bond resistance at an end slip of 0.001 in. was 613' lb. per 
sq. in. The maximum bond resistance was 745 lb. per sq. in. These 
were the only deformed bar tests in which failure came by shearing the 
surrounding concrete. 

(21) In a deformed bar of good design the projections should 
present bearing faces as nearly as possible at right angles to the axis 
of the bar. The areas of the projections should be such as to preserve 
the proper ratio between the bearing stress against the concrete ahead 
of the projections and the shearing stress over the surrounding envelope 
of concrete. Failure by shearing of the concrete should be avoided. The 
tests indicate that the areas of the projections measured at right angles 
to the axis of the bar should not be less than, say, 20% of the super- 
ficial area of the bar. A closer spacing of the projections than is used in 
commercial deformed bars would be of advantage. Advocates of the 
deformed bar would do well to recognize the fact that in a deformed bar 
which may be expected to develop a high bond resistance, a certain 
amount of metal must be used in the projections which probably will 
not be available for taking tensile stress. 

(22) The 1-in. twisted square bars gave a bond resistance per 
unit of surface at an end slip of 0.001 in., only 88% of that for the plain 
rounds. Following an end slip of about 0.01 in., these bars showed a 
decided decrease in bond resistance, and a slip of 5 to 10 times this 
amount was required to cause the bond resistance to regain its first 
maximum value. After this, the bond resistance gradually rose as 
the bar was withdrawn. Some of the bars were withdrawn 2 or 3 in. 
before the highest resistance was reached. The apparent bond stresses 
at these slips were very high ; but, of course, such stresses and slips could 
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not be developed in a structure and could not have been developed in 
the tests had the blocks not been reinforced against bursting. Such 
values are entirely meaningless under any rational interpretation of the 
tests. 

(33) The load-slip curves for twisted square bars are similar to 
those for polished bars with wedging taper. The twisted bar is essentially 
a combination of the wedging and non-wedging taper. As the bar is 
drawn through the concrete the wedging tapers are drawn more firmly 
against the concrete ahead, while at the same time the non-wedging 
tapers are separated from the concrete with which they were originally 
in contact. The drop in the load-slip curves after an end slip of about 
0.01 in. shows that the separation of about one-half of the surface of 
the bar from its original contact and the continued sliding of the flatter 
portions of the bar, until a large slip has occurred, have a greater in- 
fluence in reducing the average bond resistance than the increased bear- 
ing of the wedging tapers has in raising the bond resistance. The 
results found with the twisted square bar do not justify its present wide- 
spread popularity as a reinforcing material. 

(24) The tests with plain round bars anchored by means of nuts 
and washers and with washers only showed that the entire bar must slip 
an appreciable amount before these forms of anchorage come into action. 
Anchorages of the dimensions used in these tests did not become effective 
until the bar had slipped an amount corresponding to the maximum 
bond resistance of plain bars. With further movement the apparent 
bond resistance was high, but was accompanied by excessive bearing 
stresses on the concrete. 

(35) The load-slip relation for bars anchored by means of hooks 
and bends was not determined. The high resistance given in these tests 
was probably a result of the bearing stresses developed in the concrete 
ahead of the bends. 

(36) Tests on specimens stored under different conditions indicate 
that concrete stored in damp sand may be expected to give about the 
same bond resistance and compressive resistance as that stored in water. 
Water-stored specimens gave values of maximum bond resistance higher 
in each instance than the air-stored specimens; the increase for water 
storage ranged from 10 to 45%. The difference seemed to increase with 
age. The presence of water not only did not injure the bond for ages 
up to three years, but it was an important factor in producing conditions 
which resulted in high bond resistances. However, it was found that 
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specimens tested with the concrete in a saturated condition gave lower 
values for bond than those which had been allowed to dry out before 
testing. The bars in specimens which had been immersed in water as 
long as three and one-half years showed no signs of rust or other 
deterioration. 

(27) Specimens made out-doors in freezing weather, where they 
probably froze and thawed several times during the period of setting and 
hardening, were almost devoid of bond strength. 

(28) Pull-out tests made at early ages gave surprisingly high 
values of bond resistance. Plain bars embedded in 1-2-4 concrete and 
tested at 2 days did not show end slip of bar until a bond stress of 75 
lb. per sq. in. was developed. Bond resistance increases most rapidly 
with age during the first month. The richer mixes show a more rapid 
increase than the leaner ones. The tests on concrete at ages of over one 
year showed that the bond resistance of specimens stored in a damp place 
may be expected ultimately to reach a value as much as twice that 
developed at 60 days. 

(39) The load-slip relation of leaner and richer mixes was similar 
to that for 1-2-4 concrete. Por a wide range of mixes the bond resist- 
ance was nearly proportional to the amount of cement used. This rela- 
tion did not obtain in a mix from which the coarse aggregate had been 
omitted. 

(30) When the application of load was continued over a consider- 
able period of time or when the load was released and reapplied, the 
usual relation of slip of bar to bond resistance was considerably modified. 
The few tests which were made indicate that'the bond stress correspond- 
ing to beginning of slip is the highest stress which can be maintained 
permanently or be reapplied indefinitely without failure of bond. The 
effect of continued and repeated load, impact, etc., may well be the sub- 
ject of further experimental study. 

(31) Little difference was found in the pull-out tests whether the 
load was distributed over the entire face of the block or over a narrow 
ring at the center of the block or around the edge of the face of the 
block. 

(32) Specimens molded in a horizontal position gave lower bond 
resistance than those molded in a vertical position; when settlement of 
the bar with the settlement of the concrete was entirely prevented, the 
bond resistance was reduced to about 60% of that found for similar 
specimens which were molded with the bars in a vertical position. Plain 
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bars tested by being pulled in the same or the opposite direction from 
the settlement of the concrete during setting gave about the same bond 
resistance, but in the tests of certain deformed bars this was not true. 

(33) The term "autogenous healing" is used to designate phe- 
nomena observed in pull-out tests and in compression tests of concrete 
cylinders in which the hardening of the concrete was interrupted 
by loading the specimen at early ages to its ultimate resistance. Up 
to an age of one year the bond resistance of specimens stored in damp 
sand was not affected by as many as four loadings at intervals during 
the period of storage up to the ultimate resistance. For specimens 
stored in air and tested in the same way, the bond resistance was less 
than for damp-sand storage, but the tests showed a steady increase in 
bond resistance with each loading up to three months. Specimens which 
had been stored in air for two months before the first test and in water 
thereafter showed a . decrease in bond with each subsequent loading, 
although the bond resistance in the last test was fairly high. The pres- 
ence of water apparently permits the continuation of the hydraulic 
action of the cement for several months after the mixing of the concrete. 

(34) Bond resistance of plain bars is greatly increased if the con- 
crete is caused to set under pressure. With a pressure of 100 lb. per 
sq. in. on the fresh concrete for five days after molding, the maximum 
bond resistance was increased 93% over that of similar bars in concrete 
which had set without pressure. The greater density of the concrete 
and its more intimate contact with the bar seems to be responsible for 
the increased bond resistance. Light pressures gaves an appreciable 
increase in bond resistance. With polished bars the effect of pressure 
was slight. 

(35) As might have been expected, the compressive resistance of 
concrete setting under pressure was increased in much the same ratio 
as the bond resistance. At the age of 80 days the initial modulus of 
elasticity in compression for concrete which set under a pressure of 100 
lb. per sq. in. was about 37% higher and the compressive strength was 
increased by about 73% over that of concrete which had set without 
pressure. The density of the concrete, as determined by the unit 
weights, was increased about 4% by a pressure of 100 lb. per sq. in. on 
the fresh concrete. The increase in strength and density was relatively 
greater for the low than for the high pressures. A pressure continued 
for one day, or until the concrete had taken its final set and hardening 
had begun, seems to have produced the same effect in increasing the 
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strength and elastic properties of the concrete as when the pressure was 
continued for a much longer period. 

(36) Concrete cylinders tested in compression at age of 80 days 
after having been loaded to failure at 7 days gave compressive strengths 
nearly as high as those tested for the first time at the same age. Eetests 
of cylinders which had set under pressure gave similar results. 



(37) Beams of comparatively short span reinforced with bars of 
large size were used in order to develop high bond stresses and give bond 
failures. Most of the beams failed in bond; a few failed by a combina- 
tion of bond and diagonal tension or by tension in the steel. 

(38) The usual method of computing the bond stress in a rein- 
forced concrete beam does not take account of all the phenomena of 
bond action. Slip of bar due to beam bond action and the presence of 
anti-stretch slip may be expected to greatly modify the distribution of 
bond stress over the length of the bar, and otherwise to affect resistance 
to beam bond stresses. However, the nominal values for bond resistance, 
computed by the usual formula, form a useful basis for comparison in 
beams in which the dimensions and general make-up are similar. 

(39) Slip of bar was a phenomenon in all beam tests in which 
careful slip observations were made. These load-slip relations give 
important indications as to the bond stress developed at points along the 
length of the beam. 

(40) Slip was first observed in the middle region of the span at. 
loads producing a tensile stress in the steel of about 6000 lb. per sq. in. 
In this region the shear is zero and hence beam bond action, as usually 
understood, is absent. As the load was increased, slip of bar progressed 
through the outer thirds toward the ends of the beam at a rate nearly 
proportional to the increase of load. After slip occurred at the ends, 
the outer thirds of the length of the bar moved toward the middle of 
the span relative to the adjacent concrete. Slip of bar was probably 
partly responsible for the opening of outer cracks, since slipping was 
observed in the outer thirds of the beams before the cracks became visible. 

(41) The mean computed values for bond stresses in the 6-ft. 
beams in the series of 1911 and 1913' were as given below. All beams 
were of 1-3-4 concrete, tested at 3 to 8 months by loads applied at the 
one-third points of the span. Stresses are given in pounds per square 
inch. 
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Number First End End Slip Maximum 
of Tests Slip of Bar of 0.001 in. Bond Stress 

1 and IJ^-in. plain round 28 245 340 375 

M-in. plain round 3 186 243 274 

5i-in plain round 3 173 2'35 255 

1-in. plain square 6 190 248 278 

1-in. twisted square 3 222 389 337 

IJ^-in. corrugated round 9 351 360 488 

(43) In the beams reinforced with plain bars end slip begins at 
67% of the maximum bond resistance; for the corrugated rounds this 
ratio is 51%, and for the twisted squares, 66%. 

(43) The bond unit resistance in beams reinforced with plain 
square bars, computed on the superficial area of the bar, was about 75% 
of that for similar beams reinforced with plain round bars of similar size. 

(44) Beams reinforced with twisted square bars gave values at 
small slips about 85% of those found for plain rounds. At the maxi- 
mum load, the bond-unit stress with the twisted bars was 90% of that 
with plain round bars of similar size. 

(45) In the beams reinforced with 1%-in. corrugated rounds, slip 
of the end of the bar was observed at about the same bond stress as in 
the plain bars of comparable size. At an end slip of 0.001 in., the corru- 
gated bars gave a bond resistance about 6% higher and at the maximum 
load, about 30% higher than the plain rounds. 

(46) The beams in which the longitudinal reinforcement con- 
sisted of three or four bars smaller than those used in most of the tests 
gave bond stresses which, according to the usual method of computation, 
were about 70% of the stresses obtained in the beams reinforced with a 
single bar of large size. The progressive opening of cracks with increase 
in load was well shown in these tests. These beams showed cracks nearer 
the ends than usual. The distances of the outermost cracks from the 
ends of the beams suggest that the unbroken length of embedment has 
an important bearing on the maximum loads which the beams may be 
expected to carry before failing by bond. It seems probable that the 
lower computed bond stresses in these testsi are due to errors in the 
assumptions made as to the distribution of bond stress and not to actual 
differences of bond resistance in the bars of different size. 

(47) The tests on beams with the loads placed in different posi- 
tions with respect to the span gave little variation in bond resistance 
during the early stages of the tests. The maximum bond resistances 
increased rapidly as the load approached the supports. These tests 
indicate that the variation in the maximum bond stresses must be due 
to the presence of other than normal beam action. 
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(48) Nearly all the beams tested on span lengths of 7 to 10 ft. 
failed by tension in the steel and did not develop the maximum bond 
resistance, although high bond stresses were obtained. The bond stress 
corresponding to first end slip of bar did not vary much with the span 
length. 

(49) The bond stresses developed in the beam tests indicate that 
with beams of the same cross-section the bond stresses are distributed in 
the same way during the early stages of the test in beams varying widely 
in span length and loading. During the later stages of the test, the 
distribution of bond stress seems to depend largely upon the conditions 
of stress in the concrete through the region of the span where beam 
bond stresses are high. The distribution of bond stresses in beams of 
different cross-section apparently varies with the relative dimensions of 
the beam and the reinforcing bars. 

(50) The use of auxiliary tensile reinforcement in the outer thirds 
of the beam served to modify the distribution of bond stress during the 
early stages of the test, but did not have any influence on the maximum 
bond resistance. While the auxiliary bars seemed to prevent the opening 
of outer cracks, the tests indicate that interior cracks which did not 
appear on the surface of the beam may have opened to an extent that 
permitted the same distribution of bond stress as was found in other 
tests. 

(51) Increasing the thickness of the concrete below the reinforcing 
bars beyond the depth usually employed caused a very large increase in 
the resistance to bond and web stresses. The added stiffness of the beam 
and the increased flexural strength through the outer thirds of the span, 
prevented the formation of cracks in these regions. In the other 
beam tests such cracks were found to interrupt the continuity of bond 
action and to be an important factor in producing lower average bond 
resistances. 

(52) Increasing the length of overhang of the ends of the beam 
beyond the support did not increase the resistance to web stresses as 
indicated by the opening of outer cracks, but it had an influence on the 
bond resistance. The bond resistance at first end slip was greater in the 
beams with the longer overhang. The maximum bond resistance was 
materially increased by the additional overhang. 

(53) In the reinforced concrete beams it was found that very 
small amounts of slip at the ends of the bar represented critical condi- 
tions of bond stress. For beams failing in bond the load at an end slip 
of 0.001 in. was 89% to 94% of the maximum load found in beams 
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reinforced with plain bars, and 79% of the maximum load for similar 
beams reinforced with con-ngated bars. As soon as slip of bar became 
general, other conditions were introduced which soon caused the failure 
of the beam. 

(54) The bond stresses developed in a reinforced concrete beam 
by a load applied as in these tests varies widely over the region in which 
beam bond stresses are present. High bond stresses are developed just 
outside the load points at comparatively low loads. The load which 
first developed a bond stress nearly equal to the maximum bond re- 
sistance in the region of beam bond stresses produced a stress near 
the support which was not more than about 15 to 40% of the maximum 
bond resistance. As the load is increased, the region of high bond stress 
is thrown nearer and nearer the support, and at the same time the bond 
stress over the region just outside the load point becomes steadily smaller. 
This indicates a piecemeal development of the maximum bond stress 
as the load is increased. The actual bond stresses in certain tests varied 
from less than one-half to more than twice the average bond resistance 
computed in the usual manner. 

(55) Slip of bar in a reinforced concrete beam has a marked in- 
fluence in increasing the center deflection during the later stages of 
loading. 

(56) The comparison of the bond stresses developed in beams and 
in pull-out specimens from the same materials is of interest. Such a 
comparison should be made for similar amounts of slip. In the pull-out 
tests the maximum bond resistance came at a slip of about 0.01 in. for 
plain bars. The mean bond resistance for the deformed bars tested was 
not materially different from that of the plain bars until a slip of about 
0.01 in. was developed; with a continuation of slip the projections came 
into action and with much larger slip high bond stresses were developed. 
The beam tests showed that about 79 to 94% of the maximum bond 
resistance was being developed when the bar had slipped 0.001 in. at 
the free end ; hence the bond stress developed at an end slip of 0.001 in. 
was used as a basis of the principal comparisons in the pull-out tests. 
However, it is recognized that, under certain conditions, the stresses 
developed at larger amounts of slip may have an important bearing on 
the effective bond resistance of the bar. 

(57) The pull-out tests and beam tests gave nearly identical bond 
stresses for similar amounts of slip in many groups of tests, but it seems 
that this was the result of a certain accidental combination of dimen- 
sions in the two forms of specimens and did not indicate that the com- 
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puted stresses in the beams were the correct stresses. However, it is 
believed that a properly designed pull-out test does give the correct 
value of bond resistance, and gives values which probably closely repre- 
sent the bond stresses which actually exist in a beam or other member as 
slipping is produced from point to point along the bar. The relative 
position of the bar during molding may be expected to influence the 
values of bond resistance found in the tests. 

(58) A properly made pull-out test on a specimen of correct design 
is a valuable aid in determining the bond resistance of reinforcing steel 
in concrete, if due consideration is given to the load-slip relation. The 
tensile stress in the bar should be kept well below the elastic limit. Best 
results will be obtained by using a relatively short embedment. An 
embedment of 8 diameters is recommended. 

(59) A working bond stress equal to 4% of the compressive 
strength of the concrete tested in the form of 8 by 16-in. cylinders at 
the age of 38 days (equivalent to 80 lb. per sq. in. in concrete having a 
compressive strength of 2000 lb. per sq. in.) is as high a stress as should 
be used. This stress is equivalent to about one-third that causing first 
slip of bar and one-fifth of the maximum bond resistance of plain round 
bars as determined from pull-out tests. The use of deformed bars of 
proper design may be expected to guard against local deficiencies in band 
resistance due to poor workmanship and their presence may properly 
be considered as an additional safeguard against ultimate failure by bond. 
However, it does not seem wise to place the working bond stress for de- 
formed bars higher than that used for plain bars. 

101. Concluding Remarhs. — The tests described jn this bulletin 
have thrown considerable light on the value of bond, resistance and the 
distribution of bond stress for a wide range of conditions in both beam 
and pull-out tests. It may not be expected that all of the results indi- 
cated can be applied without modification to members in which the 
conditions of stress differ widely from those present in the tests. 

Most of the foregoing discussions and conclusions are based on 
comparisons involving the load-slip relations. In a few of the tests the 
bond stress was determined from a study of the variations in the tensile 
stress in the reinforcing bar. The latter method furnishes a much more 
direct means of measuring the bond stress, but it has been available 
only since the recent development of a non-fixed extensometer. Addi- 
tional tests are planned which are expected to give further information on 
this subject. 
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Fig. 79. Load-deflection and End-slip Curves for Reinforced Concrete Beams. 
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Fig. 81. Load-deflection and End-slip Curves for Reinforced Concrete Beams. 
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Fig. 83. Load-deflection and End-slip Curves for Reinforced Concrete Beams. 
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Fig. 83. Load-deflection and End-slip Curves for Reinforced Concrete Beams. 
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Fig. 84. Load-deflection and End-slip Curves for Reinforced Concrete Beams. 



ABRAMS TESTS OF BOND BETWEEN CONCRETE AND STEEL 237 




4000 



jOO£ owoot ooa .010 jos an oie oib .oao.(xz .oBtozeosaaso o3zo3i.036<x3BM 

Slip of Bar-Inches 
O JOS M 06 .08 .10 .12 .14 .16 .6 .£0 .£2 ,34. .26 .33 .30 .32 .3* J6 3S 40 
Deflection-Inches 



Fig. 85. Load- deflection and End-slip Curves for Reinforced Concrete Beams. 
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